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2 Chapter 1 
1.1. Energy and solar energy 
The oil crisis in the 70s shook the industrialized countries from their basis. We 
all know that it was just an artificial effect, resulting from the increase of the price 
of crude oil by OPEC (Organization of Petroleum Exporting Countries). However, 
it is equally true that the stabilized oil prices in recent years in fact also form just 
another artificial effect. A realistic picture of the amount of energy required and of 
the available energy resources, based on today's energy consumption level and the 
known energy resources, shows that within a few generations today's most popular 
energy resources: oil, gas, coal and nucleair fission, will be totally consumed. 
Therefore, if no new energy resources are found, a future with a shortage in energy 
is inevitable. It is our hope that new energy sources, or preferably renewable 
energy sources, will be found before these coolest days and darkest nights would 
come. 
As far as I can see, there are two potential energy sources that can be used in 
the foreseeable future, i.e., nuclear fusion and solar energy. The source materials 
for nuclear fusion are practically unlimited. The great power of nuclear fusion has 
already been manifested by the notorious and destructive H-bombs. However, 
the conditions for its peaceful use - the controllable nuclear fusion - are yet to be 
determined. Thus solar energy, which actually has been the original source for all 
fossil energy resources, is therefore the only choice which nature has left us. 
For practical reasons, the form of energy is important. Electricity is by far 
the most convenient form for energy consumption. A device which can directly 
transform solar energy into electricity is known as- a photovoltaic system, or com-
monly called a solar cell. Before we can understand how a solar cell works, some 
more knowledge about solar energy is needed. 
Solar energy is emitted from the sun by means of photons. From the quantum 
mechanical point of view every photon is a particle which carries a certain amount 
of energy. A common energy unit in this field is electron volt (eV). Just translate 
this to common sense: the amount of energy which is needed to light up a reading 
lamp for one second is something like 2 x l 0 2 0 eV! The photons emitted from the 
sun in principle have all energies ranging from zero to infinite. The distribution 
of these photons, i.e., the relation between the number of photons and photon 
energy is called the solar spectrum. Fig.1.1 shows two typical solar spectra AMO 
(air mass zero) and AM1.5 at two different conditions [l]. AMO (1353 W/m2) is 
an approximation for outer space irradiation at the earth's mean distance from 
the sun. AM1.5 (1000 W/m2) is an approximation of a typical solar spectrum 
at the earth's surface. Compared with AMO, AM1.5 has lower energy density - a 
result which mainly is caused by light absorption in the atmosphere. 
Next we discuss how a solar cell works. Fig.1.2 shows schematically the con-
struction of the simplest type of solar cell. To convert solar energy into electricity 
three processes are involved: (i) photon absorption which simultaneously creates 
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Fig.1.1. Solar energy spec­
tra. Shown are air тавв 
tero (AMO) and air mase 
one point five (AMI.5) 
spectra. The spectral 
ranges of infrared (IR·), vis­
ible (red, orange, yellow, 
green and blue) and ultra­
violet (UV) bands are indi­
cated. From [1]. 
negatively charged electrons and positively charged holes in the form of electron-
hole pairs, (lï) separation of the generated electrons and holes by an internal 
electrical field which is created by a so-called p-η junction, and (tt't) collection of 
the separated electrons and holes by top and bottom metal contacts. The metal 
contact which collects holes becomes positive while the other one which collects 
electrons is charged negative. They can be seen as the positive and negative poles 
of a common battery. For detailed descriptions of solar cells, see e.g. refs [1-4]. 
^ <
и п 
¡ght ,top contact 0 
p-layer 
—ρ—π junction 
n—layer 
bottom contact Q 
Fig.1.2. Schematic 
construction of the 
simplest type of solar 
cell. It has a p-η junc­
tion formed by a p-
and a η-layer. When 
the sun light is shi­
ning on the top sur­
face, electricity can 
be obtained from the 
top and bottom con­
tacts. 
Solar cells based on the above principle are made of semiconductor materials. 
Every semiconductor material has a bandgap energy (E f f). The magnitude of the 
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Fig.1.3. Theoretically 
calculated solar cell 
efficiency as. a func­
tion of semiconduc­
tor bandgap. Re­
sults for both AMO 
and AMI.5 solar spec­
tra are given. Accord­
ing to ref. [3]. 
bandgap energy depends on the type of atoms which form the material and the 
atomic as well as molecular configurations of these atoms. Concerning solar cells, 
it is important to know the following facts, (t) When the energy of a photon is less 
than the bandgap energy of a semiconductor, this photon will not be able to excite 
an electron-hole pair. The semiconductor is said to be transparent for the photon. 
In other words, this photon can not contribute to the generation of electricity, (tt) 
When the energy of a photon is higher than the bandgap, under normal conditions 
this photon can generate one and only one electron-hole pair. Since the output 
voltage of a solar cell is limited by the bandgap energy, the excess in the photon 
energy (photon energy minus the bandgap energy) will be released in the form of 
heat. It is apparent that with a low bandgap energy more photons can be utilized, 
but at the cost of an inefficient use of the high energy photons. While with the use 
of a high bandgap energy, high energy photons will be utilized more efficiently, 
but the low energy photons will be totally ignored. A compromise between these 
two situations results in a relationship between the maximum attainable efficiency 
and bandgap energies, see fig.1.3 as an example of a theoretical calculation [3]. 
The results in this figure are based on the use of good single crystal materials. For 
AMO the highest theoretical converting efficiency is 26% at a bandgap energy of 
approximately 1.41 eV, whereas the maximum attainable efficiency for AM 1.5 is 
approximately 29%. The optimal bandgap energy in the case of AMI.5, however, 
is shifted slightly to lower energies. This is due to the fact that the solar spectrum 
in this case has more low energy components (fig. 1.1). 
The above analyses are based on single junction solar cells which use only 
one semiconductor material for their active layers. At present, the highest exper-
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imental efficiencies for such type of cells are 25.7% (AMI.5) [5] and 21% (AMO) 
[6], close to the theoretical limits. Apparently, no great progress can be expected 
from these cells any further. 
According to an energy loss analysis [2], most of the solar cell inefficiency is 
caused by low-energy (<£„) photons which just pass through a solar cell without 
the generation of electron-hole pairs, and high-energy (>£„) photons which release 
their excess energy in the form of heat. Therefore, it is logical to use two or more 
types of semiconductors with different bandgap energies, each of which covering a 
certain part of the solar spectrum. In this way, much higher conversion efficiencies 
can be reached theoretically [7,8]. Some calculated efficiencies of multi-junction 
cells will be given in the next chapter. 
The configurations of multi-junction cells are quite complicate. Fig.1.4 shows 
schematically an example of a two-junction solar cell with metal intercell contact 
[9]. It consists of an AlGaAs cell at the top and a GaAs cell at the bottom, with a 
bandgap energy of 1.93 eV and 1.43 eV, respectively. This cell has quite a number 
of epitaxially grown layers which were grown from different materials with two 
different dopants. In order to make such a cell, an advanced growth technique 
is required that should allow for precise control of layer parameters such as layer 
thickness, composition, type of dopant and doping level. 
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Fig.1.4. Schematic 
structure of a two-junction 
Alo.37Gao.e3Ae cell con­
nected through a metal in­
terconnect (MIC) [9|. The 
metal interconnect consista 
of two types of contact 
metal materials which are 
chosen to ensure a good 
ohmic connection to p- and 
η-type AlGaAs layers re­
spectively. 
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1.2. Growth techniques 
Single crystal semiconductor materials are needed to obtain high energy con­
version efficiencies [7,8]. Often, solar cells are grown on a wafer of single crystalline 
material (substrate) which is used as a support. More importantly, a substrate 
is used as a seed material so that layers grown from it acquire the same crystal 
structure as the substrate (epitaxy). 
There are four experimental techniques that are commonly used in epitaxial 
growth. They are conventional VPE (halide and hydride vapour phase epitaxy), 
LPE (liquid phase epitaxy), МВБ (molecular beam epitaxy) and MOCVD (metal-
organic chemical vapour deposition). The conventional VPE and LPE techniques 
are relatively simple. Although sophisticated devices with excellent material qual­
ity can be made by these two methods, there are some intrinsic disadvantages. 
Specifically, VPE has excluded any possibility of growing aluminum compounds, 
and the LPE technique has been found unsuitable for large-scale production of 
materials. Furthermore, the morphology of the layers grown by LPE is rather 
rough. 
MBE is an advanced technique which is best-suited for growing abrupt struc­
tures. A unique feature associated with MBE is the possibility to use surface 
spectroscopic techniques such as RHEED (reflection high energy electron diffrac­
tion) and AES (Auger electron spectroscopy) in the growth chamber. This makes 
in-situ observation of crystal growth possible. However, MBE is known to have 
a small growth rate and a limited throughput. It also can not be used to grow 
phosphorous compounds. 
Another advanced technique which is capable of growing layers with abrupt 
structures and with various compositions is MOCVD. This modem technique is 
very versatile. It has advantages over MBE by having relatively higher growth 
rates and the possibility for up-scaling. These are the main reasons why MOCVD 
has been widely used for the growth of sophisticated solar cells. In this thesis, all 
the epitaxial layers studied were grown exclusively by means of MOCVD. A major 
problem with MOCVD is the carbon contamination in the grown layers. Caution 
also is needed because poisonous gases such as arsine (AsHa) and phosphine (PH3) 
are used. 
The simplest expression for a MOCVD process for the growth of GaAs is 
shown by the chemical reaction: 
С?а(СЯз)з + АзНз " ^ 0 GaAs l -І-ЗСЯ4 Τ . (1.1) 
A typical diagram of a MOCVD system is shown in fig.1.5. 
For the growth of AlGaAs, one only needs to add a certain amount of 
trimethylaluminum (АІ2(СНз)е) in the gas phase. η-Type doping can be real­
ized by adding group Г elements such as silicon (in the form of SÍH4) or group 
Generai introduction 7 
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VI elements such as selenium (in the form of НгЗе); ρ-type doping can be achieved 
by adding group Π elements such as zinc (in the form of diethylzinc ZnfCaHs^). 
1.3. The solar cell project at Nijmegen 
A joint solar cell project was initiated in the Netherlands in 1985, in which 
three major groups, the Catholic University of Nijmegen (KUN), the State Univer­
sity of Utrecht (RUU) and the Technical University of Delft (TUD) were involved. 
The long-term aim of this joint project is to make high efficiency solar cells by 
means of multi-junction structures [10]. Two parallel research approaches have 
been carefully considered in order to meet the final goal. The first one is to make 
monolithic multi-junction cells based on single crystalline ПІ- compound semi­
conductors, in which the making of a two-junction cell from AlGaAs/GaAs was 
set to be the first target. Our group at Nijmegen under Prof. Giling is respon­
sible for this work. This single crystal approach is expensive - due to the high 
prices of starting materials - but a very high efficiency (up to 40%) is expected. 
The second approach is to use amorphous materials such as amorphous silicon. 
Groups at Utrecht and at Delft led by Prof. Van der Weg and Prof. Kleefstra, 
respectively, are engaged. This approach, although a limited efficiency of up to 
20% is expected, can be very cheap. 
The joint project also receives supports from two other groups at Delft and 
Utrecht, led by Dr. Schapink and Prof. Dr. Habraken, respectively, for charac­
terization. They are specialized in transmission electron microscopy (ТЕМ) and 
in ion beam techniques, respectively. 
Our activities at Nijmegen in the single crystalline approach are further 
strengthened by a broad cooperation within the framework of the European Com­
munity (EC). Up to fourteen groups are involved in this cooperation. This EURO-
GaAs Consortium consists of one group from Belgium (ШЕС), three groups from 
France (LPSES, INSA and ESIM), three groups from Germany (Battelle Institut 
e.V., Fraunhofer Gesellschaft ISE and Universität Stuttgart IPE), four groups 
from Italy (ENEA, CISE, FIAR and Università di Cagliari), our group from The 
Netherlands (KUN) and two groups from Spain (ETSIT Madrid and Barcelona). 
The specific short term aims at Nijmegen were set as follows, (t) the real-
ization of good GaAs solar cells, (it) the making of AlGaAs solar cells, and [Hi) 
the combination of these two cells to form a two-junction cell. The decision of 
choosing the AlGaAs/GaAs system in our approach was determined by the avail-
ability of equipment and the expertise already existing in our group. This system 
however is not considered as an optimized one (see Chapter 2). 
A common feature of our GaAs cells is that they have a p-η configuration as 
shown in fig. 1.6. The configuration starts from a л-type Si-doped GaAs substrate 
connected with a buffer layer which functions as a back surface field (BSF) to 
confine the light generated holes. This layer is followed with n- and p-GaAs layers 
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Fig.1.6. Construction of a typical GaAe/AlGaAs heteroface solar cell. The 
type of doping and the doping elements are given. Also the various layer 
thicknesses and doping levels are indicated. 
which form the essential part of the solar cell, viz. the p-n junction. On top of 
the p-n junction there is a p-type AlGaAs layer in order to decrease the effect of 
surface recombination of electron-hole pairs. It also serves as a potential barrier to 
confine electrons generated in the p-GaAs layer. On top of this, a pattern-etched 
highly doped p-type GaAs layer is added to obtain a good top ohmic contact. Two 
metal contacts consisting of a layered structure of Au-Zn-Au (400A/400Â/3000Â) 
and a layer of AuGe (88:12) alloy (2000 A thick) are placed at the top and bottom, 
respectively. They are made by means of a vacuum deposition technique followed 
by annealing in N2 at 480 "C for 6 mins. The cell is finished with an anti-reflection 
layer made of SiO^ on top of the AlGaAs surface. 
Fig. 1.7 shows our progress made to-date in solar cell efficiency. After a learn-
ing period of three years an efficiency of 18% is now routinely obtainable for GaAs 
cells. The progress in AlGaAs cells is remarkably fast. The highest efficiency 
reached up to now is 12.8%. 
Fig.1.8 shows the I-V (current-voltage) characteristics of our best GaAs cell 
with an efficiency of 18.3%. 
A further improvement of the GaAs cell performance is expected to be ob-
tained by a better control of cell structure, especially a better control of the 
configuration of the p-n junction. Additional improvement can be gained by a 
better design of the top metal contact, and by application of a double- instead of 
a single-layer anti-reflection coating. 
Concerning the AlGaAs cells, since the optimization process of the cell con-
10 Chupter 1 
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АІо.гбСао.ТзАв solar cçll effi-
ciency in Nijmegen, showing the 
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Fig.1.8. Current-voltage (I-
V) characteristics of our best 
GaAe cell with an efficiency of 
18.3%. The open-circuit voltage 
( V o c ) . short-circuit current den­
sity (Jsc), fill factor (F.F.) and 
the cell area are given. 
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figuration is not yet finished, improvement is expected by optimizing the thickness 
and doping level of the various layers. 
Up to now no multi-junction cell has been made in our group yet. 
1.4. Scope and summary of this thesis 
The driving force of this work is to make high efficiency solar cells. Nearly 
five years ago, when I joined the solar cell group at Nijmegen as a "grower" - one 
who should grow all the single crystal materials used for solar cells - there was 
already a MOCVD apparatus, and a good know-how for the growth of pure GaAs 
epitaxial layers [11]. In addition to this, knowledge of the doping characteristics 
of GaAs had to be built up. For that reason I started to do doping investigations 
Generai introduction И 
immediately after a few months of training with the MOCVD system. In the 
meantime, realizing that also AlGaAs layers were going to be used in a short 
time, some necessary adjustments of the MOCVD apparatus were made which 
facilitated the growth of AlGaAs layers. Next, growth and doping experiments of 
AlGaAs were performed. 
The structure of this thesis is divided into three parts. The first part (Chap­
ters 2 to 4) exclusively deals with solar cells. Chapter 2 gives a review on various 
constructions of multi-junction solar cells and on the most recent reported results 
of these cells. The influence of cell structure and defects on the performance of 
solar cells is discussed in general in Chapter 3, and is explored in detail for the 
oval defect - a common type of growth defect - in Chapter 4. The influence of 
the oval defect on the performance of solar cells is investigated by means of the 
optical beam induced current (ОЩС) technique. 
The second part of this thesis (Chapter 5) deals with the incorporation rate 
of aluminum in AlGaAs. Various techniques have been used to determine the 
aluminum concentration in epitaxial layers. The outcome of this study, reported 
in this chapter has clarified the discrepancies that appeared in the literature con­
cerning the aluminum incorporation rate. For a more detailed report of this work 
ref. [12] is recommended. 
Most of my time during this work has been spent on doping studies. The 
results are reported in the third part of this thesis (Chapters 6 to 11). A rather 
complete story is presented, both theoretically and experimentally, on the doping 
behaviour of various dopants in GaAs and AlGaAs. 
Chapter 6 shows results on equilibrium calculations which are utilized as 
criteria for determining the usefulness and hazardous of various dopants used for 
ІП- compounds. 
In Chapters 7 to 9 various aspects of silicon doping of GaAs are studied. In 
Chapter 7 the general electrical characteristics of Si-doped GaAs are reported. It 
is found that Si precipitates are formed at high silicon gas phase inputs. This 
experimental result is in perfect agreement with the predictions based on the 
equilibrium calculations. In Chapter 8 similarities and differences between dop­
ing with silane and with disilane are compared. It is reported that under our 
conditions these two dopants make no difference in doping behaviour. Chapter 9 
is a pioneer study on the influence of substrate orientation and mis-orientation on 
the Si-doping of GaAs. This work, in addition to a significant impact in its own 
field, is expected to lead to a better understanding of the incorporation process 
at atomic steps in general. It also may lead to specific device applications. 
Photoluminescence (PL) studies on Si-doped AlGaAs are carried out and the 
results are presented in Chapters 10 and 11. In Chapter 10, abnormal electrical 
characteristics were found for Si-doped AlGaAs layers grown on (110) substrates. 
A pair-symbol system has been set up which gives satisfactory descriptions of 
the abnormal results. This pair-symbol system is found to be very useful and 
12 Chapter 1 
is expected to be used widely for the identification of PL peaks that originate 
from paired point defects. Deep level PL spectra of Si-doped AlGaAs layéis are 
discussed in detail in Chapter 11, with a particular attention given to the origin 
of DX centers. It is demonstrated that the 0.8 eV emission is not compatible with 
Henning's donor model of the DX centers [13]. 
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Chapter 2 
Review on multi-junction 
single crystal solar cells 
In this chapter the basic principles of multi-junction solar cells are discussed. 
Various configurations of cell structures, especially intercell connections, are com-
pared. Recent results on test structures of subcells, intercell connections including 
tunnel diodes, metal intercell connections and grading layers, substrate adaptation 
and finally multi-junction cells are reviewed. 
X. Tang and P.J. van der Heyden 
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2.1. Introduction 
It has been proved both theoretically as well as experimentally that multi-
junction solar cells can have higher efficiencies than the best single junction cells 
[1-4]. Theoretically, an infinite number of cells should be constructed to obtain 
the maximum efficiency, but the practical limit is generally considered to be three. 
Up to now most work has been concentrated on two-junction cells, especially on 
monolithicly grown two-junction cells. In this chapter, various configurations of 
multi-junction solar cells will be compared and recent results will be reviewed. 
2.2. General considerations about cell efficiency 
The essence of a multi-junction solar cell - apart from its photovoltaic 
behaviour - is that it acts as a wavelength filter, i.e. photons with different ener­
gies are divided over subcells with varying bandgaps. In principle, the maximum 
efficiency of a multi-junction solar cell can be calculated in a similar way as is 
done for a single bandgap cell, i.e. the total efficiency will be the stun of the 
individual efficiencies of the subcells, 
N 
тШІ. (λ) = »?ΐ(λ) + f72 (λ) + · · · Of Vmulti.W = ^»?г(Л)> ( 2 1 ) 
« = 1 
where N is the number of subcells. The efficiency of the topmost subcell can be 
calculated in the same way as is normally done for a single cell. However, for 
the underlying subcells a difference in solar spectrum must be taken into account, 
due to the cut-off of high energy photons by the overlying cells. Quite a number 
of publications have been devoted to the theoretical description of multi-junction 
solar cells [1,5-7]. Fig.2.1 shows the calculated results of Fan et al.[l]. For a 
two junction solar cell, it is shown that the ппа іттттп efficiency (four terminals, 
27 "C without light concentration) is 36.3% at AMI (air mass one). The optimal 
combination of the bandgap energies is 1.75 ± 0.1 eV and 1.0 ± 0.1 eV respectively. 
For a three-junction cell, the maximum efficiency (sue terminals, AMI) is 42.2%, 
with a bandgap combination of 2.2 ± 0.1 eV/1.5 ± 0.1 eV/1.0 eV. In the following 
we will concentrate on two-junction solar cells since no extra fundamental problem 
is expected in cells with more than two junctions. 
The most popular materials for the fabrication of solar cells are the elemental 
semiconductors Si and Ge, the compound semiconductors GaAs, InP and ternary 
as well as quaternary systems from the ПІ and V group elements. Another quite 
popular material is amorphous silicon (a-Si). a-Si cells have received much atten­
tion in the last years due to the advantage that their fabrication process is very 
cheap. However, limited by the scope of this chapter, they will not be discussed 
further. 
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Fig.2.1. Calculated AMO and AMI conversion efficiencicîi for two-junction 
two-terminal (a)(c), for two-junction four-terminal (b){d) and for three-
junction two- and six-terminal solar cells (e)(/) at 300 К and one sun [l]. 
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When multi-junction cells are grown epitaxially on top of each other (mono-
lithicly), not only an optimal combination of bandgaps should be considered, but 
also a good matching of the lattice constant. Fig.2.2 shows an overview of the room 
temperature bandgap energy versus lattice constant for various elemental semi­
conductors, ІП- alloys and some of the П- І compounds. The two shaded areas 
are the band-gap values for an optimal choice of a two-junction cell (AM1.5). It is 
seen that if both lattice constant and band-gap matching should be optimized ma­
terials of ternaries, e.g. InPAs/AlAsSb or quaternaries, e.g. InGaAsP/AlGaAsSb 
must be used, although for these combinations no good substrate material is avail­
able yet. The problem of lattice mismatch can be solved by a buffer consisting 
between substrate and grown layers consisting either "grading layers" or "strained 
layer superlattice". 
5.3 5.4 5.5 5.6 5.7 5.8 5.9 6.0 6.1 6.2 6.3 6.4 6.5 6.6 
Lattice constant (Â) 
Fig.2.2. Room temperature bandgap energy versus lattice constant and 
composition for III-V, 11-VI and elemental semiconductors. Compiled from 
refe.[l,8-10]. 
It is dear from theory that multi-junction cells will be feasible, however the 
practical construction of these cells is still a technical challenge. The following 
section gives a review on this matter. 
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2.3. Cell configurations 
2.3.1. Optical considerations 
The optical connection between subcells can be constructed in two ways: (t) 
the cascade structure where a solar cell with a larger bandgap is placed on top of 
a cell with a lower bandgap so that they are optically in series, and (и) the filter-
reflector construction where the separation of photons with different energies is 
realized by a dichroic filter (fig.2.3). The cascade structure is now widely adopted. 
The filter-reflector system [11] is simpler in the sense that there is no need for a 
special design for the subcells, apart from a suitable bandgap combination. Not 
much research, however, has been devoted to this construction because of the 
complexity in the making of a solar panel. 
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J E02 
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Fig.2.3. Schematic view of 
the two constructions for 
multi-junction solar cells 
showing cascade and filter-
reflector configurations re­
spectively. 
The solar spectrum can vary greatly as a function of illumination conditions 
and of the altitude on the earth [12]. This will influence the maximum attainable 
efficiency of the solar cells. In multi-junction solar cells, the variation of the solar 
spectrum requires also different designs for the subcell combinations. As is given 
in fig.2.1 the optimal combination of bandgaps is different for the two calculated 
solar spectra AMO and AMI. 
In principle, semiconductors with either a direct bandgap or an indirect 
bandgap can be used. In a direct bandgap semiconductor, photons with an energy 
higher than the bandgap can excite an electron-hole pair. In an indirect semicon­
ductor, a similar process can occur, but for reasons of momentum conservation a 
phonon is involved in the excitation. This lowers the magnitude of the probability 
of this process [13]. As a consequence, photon absorption in the near bandedge 
region is stronger in direct bandgap semiconductors than in indirect ones (fig.2.4). 
As for a solar cell, this effect implies that, when an indirect semiconductor is used, 
a relatively thicker material should be used to absorb all photons with energies 
above the bandgap. In practice, a thick layer, especially for the top cells, requires 
a longer growth time and consumes more growth precursors. Therefore it is not 
desirable. 
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Fig.2.4. Absorption co­
efficient as a function of 
photon energy for GaAs 
(direct band gap) and Si 
< 1.0 1.4- 1.8 2.2 2.6 3.0 a n ( i А 10.7сао.зАв (indirect 
bandgap). Compiled from 
Energy (eV) refe.[13-15l. 
2.S.2. Electrical connections 
For a solar cell panel in which many cells are housed, single junction solar cells 
can be connected either in series or parallel or in series and parallel, depending 
on the desired voltage and current output. However, for multi-junction cells, the 
electrical connection of the cells is not simple. This is because of the complexity 
of the contact configurations of the multi-junction cell itself. For a two-junction 
cell there are three contact configurations: (ι) the four terminal configuration in 
which the two cells are electrically separated, (ii) the three terminal configuration 
in which the two cells are connected in series (it has top and bottom contacts and 
an intercell connection as the third terminal), and (n't) the two terminal config­
uration which has just the top and bottom contacts. For cells with more than 
two junctions similar configurations exist although more terminals are needed. 
The use of a four terminal configuration has the advantage that every cell can 
be optimized by a proper choice of the external load. However, in this case also 
two separate control circuits should be employed which makes the control unit 
more complex. Three terminal cells can not easily be connected to form a solar 
cell panel. A transistor structure (three terminal) was proposed [16] but for a 
solar panel two types of cells (PNP and NPN) are required. So its use is limited. 
Two terminal cells are able to reach maximum efficiencies which do not differ 
much from those of four terminal cells, although the criterion for the matching of 
bandgaps becomes more strict (fig.2.1). This is mainly caused by the requirement 
of current matching of the top and bottom cells, because the output current will 
be equal to the smallest of these two. Two terminal multi-junction cells, just like 
single-junction cells, can easily be connected to form a solar cell panel. This is 
the reason why much more research has been devoted to this construction than 
to the other two variants. 
For the most popular monolithic two-terminal two-junction solar cells an 
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ohmic contact between the top and bottom cells is needed. This intercell ohmic 
contact (IOC) can be realized in two ways, viz. (i) through a tunnel-diode [4] or 
(и) through a metal intercell contact (MIC) [3]. 
2.3.2.1. The tunnel-diode intercell connection 
A tunnel-diode consists of a p/n junction with a heavily doped p- and n-layer 
and a sharp p/n interface. The I-V characteristics of a tunnel-diode is shown in 
fig.2.5. When the forward voltage is lower than Vp (a typical corresponding peak 
current for a solar concentration of 500 is ~15 A/cm2) the tunnel-diode can be 
regarded as a resistance R=Vp/Ip. Fig.2.6 shows the band structure of a two-
junction cell with a tunnel-junction in between. It is seen that recombination of 
the holes from the top cell and electrons from the bottom cell can take place at 
the tunnel-junction so no reverse .potential barrier is built up in this area. For a 
large tunnel current the doping profile of the tunnel-junction should be sharp and 
the doping level should be high [17]. 
Fig.2.5. Current-voltage 
characteristic of the 
tunnel-junction. A tunnel-
junction intercell-connect 
would operate at a forward 
bias below the peak cur­
rent (Ip). 
To avoid unnecessary light absorption, an ideal tunnel-diode should have a 
bandgap energy which is larger or at least equal to the bandgap energy of the top 
cell. Since AlGaAs is very often used as the top cell a tunnel-diode with AlGaAs 
is also desired. However, it is not possible to have an AlGaAs tunnel-diode with 
an aluminum fraction between »0.25 and 1.0, because in this region no heavily 
doped η-type AlGaAs can be obtained due to the presence of DX centers [18-20]. 
For this reason alternative structures were proposed and have been tried out: 
a) A very thin tunnel-diode made from GaAs. It was calculated that a p + GaAs 
layer of 16 nm thick and an n + GaAs layer of 125 nm absorb only 1 % of the 
incoming light [21] which can be tolerated. 
b) A heterojunction of p + AlGaAs and n + GaAs in which only the GaAs layer 
should be very thin. In this case the p + AlGaAs layer additionally can 
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Fig.2.6. Two-junction cell 
structure with top and bot­
tom cells connected through 
a tunnel-diode. The move­
ments of the electrons and 
holes show schematically the 
charge carrier collection (at 
top and bottom contacts), 
the electron-hole separation 
(by the p-η junctions) and 
the recombination of the 
electron-hole pairs at the 
tunnel-diode. 
function as a window layer for the underlying GaAs cell [21]. 
c) A tunnel-diode made of germanium. Because the bandgap of germanium is 
rather small (0.66 eV) it is proposed in literature that the germanium tunnel-
diode should only be grown as a fìnger pattern under the top metal fingers to 
avoid unwanted absorption [22]. The interruption of the growth, necessary for 
the construction of this type of structure, however, is quite disadvantageous. 
d) Similar to c) but in this case the tunnel-junction is fabricated from GaAs 
instead of from Ge. 
Ghandhi et al. [23] reported GaAs tunnel-diodes with a peakcurrent of 14.9 
A/cm2 and a resistivity of 4.7 x 10"7 П т 3 . This tunnel-diode has a CVD grown 
Si-doped n + layer of 7.5 χ 1018 c m - 3 and a Zn diffused p + layer with an estimated 
carrier concentration of 1020cm~3. The parameters of the tunnel-diode are good 
enough for a cell to work under a concentration factor of 500. However, the bad 
surface morphology made a further growth of a top cell difficult. 
Thin GaAs tunnel-diodes were made by MOCVD at a growth temperature 
of 615 "С [24]. A p + layer of 800 nm thick and an n + layer of 200 nm thick were 
used with zinc and tin as dope materials respectively, despite the high diffusion 
coefficient of zinc. The best tunnel-diode shows a resistivity of 2 χ Ю - 7 П т 2 and 
a high peakcurrent of 45 A/cm2. It is questionable whether or not this tunnel-
diode can withstand the higher growth temperature needed for the growth of the 
top cell (typical growth temperature for AlGaAs is 720 "С). 
By using МВБ (molecular beam epitaxy) with a growth temperature of 
580 0 C, Miller et al. [21] made a comparison of various tunnel-diode constructions 
including a thick p-GaAs/n-GaAs, p-AlGaAs/rt-GaAs (with xAi up to 0.40), and 
thin p-GaAs/n-GaAs structures of down to 75 nm in thickness. No major differ­
ence was shown in the electrical behaviour. From the optical point of view, the 
AlGaAs/GaAs heterostructure is favoured. 
Patterned Ge tunnel-junctions were made by Chiang et al. [22] and show 
, .. tunnel— . .. .. 
topcell diode bottomcell 
M » I « »I« M 
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very good electrical characteristics (p < 3.6 χ 10 - β Ωιη2). The advantages they 
claimed are (t) a good lattice matching with GaAs (the mis-match is only 0.08 per­
cent) and good matching of the thermal expansion coefficient, (tt) the possibility 
to reach easily the degenerated high doping levels and (n't) the fact that, although 
the growth has to be interrupted for the making of the Ge tunnel-junction, the 
requirements of the lithography process involved axe less critical than for metal 
interconnected cells. Since the overlying cell will be AlGaAs or GaAs, care has to 
be taken to avoid the anti-phase problem due to polar on non-polar growth. 
Basmaji et al. [24] reported GaAs tunnel-junctions with a peak current of up 
to 250 A/cm2 and a resistivity of 3 x 1 0 - 8 П т 2 . This structure shows a strong 
degradation upon a thermal treatment at 750 "С however. 
From these reported results one may conclude that tunnel-diodes with various 
constructions and made by various growth techniques can be made and that all 
of them can meet the requirements for concentrator cascade cells. A remaining 
problem is the thermal instability for temperatures higher than 650 ~ 700 "С. 
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Fig.2.7. Schematic 
structure of a two-junction 
Alo.37Gao.e3Ae cell con­
nected through a metal in­
terconnect (MIC) [3]. The 
metal interconnect consiste 
of two types of contact 
metal materials which are 
chosen to ensure a pood 
ohmic connection to p- and 
η-type AlGaAs layers re­
spectively. 
2.3.2.2. The metal intercell contact (MIC) 
Similar to the normal contact fingers on top of a solar cell, metal contacts can 
be made to join the top and bottom cells together. A technique was developed to 
etch grooves on the solar cell into the depth of the intercell area, to make n- and 
p-type contacts to the top and bottom cells respectively, and to connect these two 
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contacts. Fig.2.7 shows schematically a two-junction cell structure with a MIC 
[25]. As compared with the tunnel-diode, the MIC method has more process steps 
during fabrication. Another point of concern is the fact that two sets of contact 
fingers should be used. This increases the top metal coverage. With the help of 
prism covers or a V-grooved surface the latter problem may be diminished [26,27]. 
2.3.2.3. The transistor structure (three terminal cell) 
The so-called transistor structure can best be explained with the help of a 
figure (fig.2.8). For the making of a solar panel two types of cells, PNP and NPN, 
are needed. Since no intercell structures (a tunnel-diode or a MIC) are required 
the series resistance is expected to be low, therefore this structure has potential 
use in a concentrator cell [16,28,29]. 
Fig.2.8. A possible intra-
cell connection for three-
terminal cells. It is seen 
that two types of cells, 
P N P and NPN, are re­
quired. 
2.3.3. Matching of the material parameters 
There axe two aspects which require matching of material parameters. The 
first reason is that for high solar cell efficiencies at least two types of materials 
with different bandgaps must be used, whereas the second one is that in general 
the substrate material differs in lattice constant from the active layers, especially 
when cheap substrate materials have to be used for commercial reasons (substrate 
adaptation). The most important aspects which are relevant for the growth pro­
cess are: 
a) lattice constant (lattice matching), 
b) polarity (anti-phase problem), 
c) cross-doping, 
d) interface states and 
e) thermal expansion coefficient. 
Most work at substrate adaptation has been concentrated on the GaAs/Si 
and GaAs/Ge systems. The reasons for the choice of Si instead of GaAs or InP 
substrates are that silicon can make an ideal bandgap combination with AlGaAs 
for a two-junction cell (fig.2.2) and also that silicon is stronger, lighter, more 
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thermally conductive, and much less expensive than GaAs. The use of germanium 
as substrate is based on the fact that (t) germanium has a good lattice matching 
with GaAs so that high quality epitaxy can result, (ii) germanium has a better 
mechanical strength than GaAs so that a thin substrate ( ~ 100 μιη) can be used 
which leads to lighter cells [30], and (m) Ge can be a good candidate for the 
bottom cell in a two-junction system [31] or a three-junction system [32] because 
of bandgap considerations. 
The epitaxial growth of GaAs on Si is not only important for the making of 
solar cells but also for a possible integration of the opto-electric or electro-optical 
devices made by GaAs with the Si 1С (integrated circuit) technology. Three 
types of growth methods were used for GaAs on Si, viz. (t) GaAs direct on Si 
with special heat and growth cycles [33-36], (tt) a GaAs/Ge/Si structure with Ge 
as a buffer [37] and (t44) a superlattice structure as a buffer layer between GaAs 
and Si [38]. 
Fig.2.9. The three step 
growth method for het-
eroepitaxy of GaAs on Si 
with MOCVD. The tem­
peratures for these three 
steps are approximately 
1000, 450 and 700 "G re­
spectively. 
The first method has been investigated successfully in many laboratories. 
A typical growth procedure is shown in fig.2.9 [33]. (I) the silicon substrates 
((100)2o(01l)) are heated in hydrogen and АзНз over 1000 "С to remove the 
oxide; this procedure is also reported to produce on the surface a kind of double-
step-structure which can effectively prevent the formation of antiphase defects. 
Then, (П) the temperature is lowered to below 450 0 C for deposition of the first 
GaAs layer of less than 20 nm; this layer is essential, its function is the relaxation 
of the mis-match between GaAs and Si. Finally, (ПІ) the wafer is reheated to the 
conventional growth temperature of 700 ~ 750 "C for the further growth of GaAs 
layers. 
The second method with a Ge buffer layer also gave good results [37]. How­
ever, it was argued that the presence of Ge is not desirable in a cascade cell, 
because of light absorption [35]. 
The growth of GaAs on Ge is less difficult. However one has to be aware of the 
cross-doping effect [35]. Ge in GaAs can act as a donor or as an acceptor, Ga or As 
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in Ge will act as an acceptor and as a donor respectively. The "autodoping" effect 
of germanium atoms, which evaporate from the germanium substrate back surface 
and which are incorporated into the growing GaAs layers, can be suppressed with 
a cap layer of GaÁs pre-deposited onto the back of the germanium wafer in a 
separate run. 
In order to deal with a difference in the lattice constant between substrate and 
epilayers, also "grading layers" with a gradual change of the lattice constant can be 
used as a buffer to bridge the gap in lattice constants of the two materials [39,40], 
but its use is limited to small differences in lattice constant. Another technique 
is "strained layer superlattice" (SLS). A SLS consists of thin alternating layers 
with different lattice constants [41,42]. These thin layers can relax the strain by 
lattice deformation so that less defects will be created. Freundlich et al. [41] used 
a SLS of alternating Geo.sSio.a and Ge layers before GaAs is grown on Si. The 
dislocation density was decreased from 10e cm - 2 to 107 cm - 2 as compared to the 
layers without a SLS structure. Also SLS of InGaAs/GaAs and GaAs/AlGaAs 
have proved to be effective [43]. The reduction of the dislocation density in a 
SLS is believed to be effective due to the fact that dislocation lines can be bent 
at the interfaces within the SLS, so that not all of them may penetrate into the 
overlaying layers. 
When two different semiconductor materials are brought together the break-
ing of crystal symmetry at the interface can introduce electron states lying in the 
bandgap. Such interface states are expected to increase the recombination current 
although their formation and their influence to solar cell performance are not well 
studied. Also the effect of the difference in thermal expansion coefficient is not 
investigated thoroughly in literature. 
2.3.4. Mechanical stacking 
To avoid all the problems concerning the lattice matching of the material, 
mechanical stacking of cells can be used. It is not practical to stack two conven-
tional single junction cells, because the thickness of the top cell should be as thin 
as possible for considerations of cell cost and cell weight. For the making of ultra 
thin solar cells a special technique CLEFT (cleavage of lateral epitaxial films for 
transfer) is very suitable [44,45]. This technique is based on lateral overgrowth 
of single crystal materials seeded on a partly masked substrate (fig.2.10). The 
advantages of the CLEFT technique are that, (») solar cells with a thickness of 
down to 10 μτα or even thinner can be made, (tï) the primary substrate can be 
used for many times so that the material cost can be low and (tit) the metal 
contact fingers can easily be made on the top and the bottom sides of the solar 
cell. 
2.3.5. Fluorescent panels 
Stacking of fluorescent panels with various fluorescent dyes can also be a 
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Fig.2.10. Schematic dia­
gram ehowing a GaAs film 
formed by lateral epitaxial 
overgrowth. The start sit­
uation is shown in (a). The 
sequence (ò)-(ci) shows that 
a connected thin GaAs epi-
taxial film can be realized 
when the lateral growth 
rate is much higher than 
the vertical growth rate, 
solution to material mis-matching [46]. As is schematically shown in fig. 2.11 this 
set-up also functions as a concentrator for incoming light. A special feature of 
this type of concentrator is its ability to operate under diffuse light conditions. 
К 
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К 
Ϊ 
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mirrors solar cells 
Fig.2.11. Stack of two flu­
orescent panel concentra­
tors which absorb differ­
ent parts of the solar spec­
trum. The light path is 
shown schematically. 
2.4. Recent results on sub cells and on multi-junction cells 
Quite a number of reports have been published which are devoted to the 
construction of multi-junction solar cells. In the following we will discuss some 
of them. The first subsection will describe subcelb which are the components of 
multi-junction celb, the second will give the results on multi-junction solar cells. 
2.4.1. T h e d e v e l o p m e n t of subcelle 
It is generally accepted that the traditional solar celb made from GaAs and 
26 Chapter 2 
Si are a good choice for a bottom cell, e.g. in the combinations AlGaAs/GaAs 
and AlGaAs/Si. Therefore major work has been devoted to the development of 
these cells. In table 2.1 the most recent results for top and bottom cells are given. 
Table 2.1. Overview of the performance of reported subcells. 
cell material 
type 
GaAs 
Si 
InP 
Ga.47In.63 AB 
bottomcell 
Al. 30 Ga. 70 As 
topcell 
Al.2Ga.gA3 
AbGa.gAs 
АІ.зтСавзАв 
bandgap 
(eV) 
1.42 
1.11 
1.27 
0.75 
1.77 
1.64 
1.68 
1.93 
conditions 
air mass 
AM1.5 
AM 1.5 
AMO 
AMI 
<1.43 eV 
AMI 
AM2 
AMI 
AM1.5 
xsun 
1 
1 
1 
81 
165 
1 
1 
1 
1 
τ 
(»с) 
RT 
RT 
25 
RT 
RT 
11 
25 
25 
characteristics 
(V) 
1.04 
0.6% 
0.873 
0.47 
1.30 
1.27 
1.18 
1.230 
1.41 
he 
(mA/cm2) 
28.54 
42.9 
35.7 
29 
14.8 
15.4 
14.5 
15.3 
12.21 
FF 
0.868 
0.81 
0.829 
0.80 
0.85 
0.84 
0.83 
0.845 
0.862 
25.7 
24.2 
18.8 
12.4 
6.1 
16.4 
16.4 
19.2 
16.5 
14.86 
réf. 
[58] 
[59] 
[60] 
[47,48] 
[49] 
[50] 
[51] 
[52] 
A realistic test of bottom cells was reported by Beaumont et al. [47,48]. The 
bottom cell consisting of Gao.47I1io.s3 As (Е
в
=0.75 eV) was grown on InP with 
LPE (liquid phase epitaxy). A solar spectrum was simulated corresponding to 
the real working conditions of the bottom cell. An efficiency of 6.1 % for a partly 
cut-off AMI spectrum {hi/ < 1.43 eV) at a concentration factor of С = 165 was 
realized. 
In 1984 Gale et al. [49] made an AlGaAs top cell with a (n + /n + /p/p + ) 
structure of GaAs/AlGaAs (xA i=0.3, Eff=1.77 eV) on a GaAs substrate. This 
was grown in a horizontal MOCVD reactor at atmospheric pressure. The first n + 
layer was a cap layer of GaAs for ohmic contacts, because the contact resistance of 
GaAs is lower than that of AlGaAs. The second τι+ layer of AlGaAs was thinned 
down to approximately 50 nm through steps of alternating anodic oxidation and 
chemical etching of the oxide. In this process the thickness of the oxide layer was 
determined by the anode voltage. In the last step the oxide was not removed so 
that it could be used as an anti-reflection coating. The p-AlGaAs layer served as 
adsorption layer for light. The p + layer of XAÍ=0.35 was used as a back surface 
field (BSF). The AMI efficiency without concentration was measured to be 16.4%. 
Virshup et al. [50] developed a topcell of AlGaAs (xAi=0.2, £„=1.64 eV) for 
mechanical stacking. Compared with the cell of Gale et al. [49] they used an extra 
AlGaAs window layer (хді=0.9) to reduce the surface recombination velocity and 
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to confine the charge carriers. Another special feature is the "graded bandgap" 
used in the emitter where the bandgap increases from 1.64 eV at the junction to 
1.72 eV near the window layer. The compositional gradient resulted in an internal 
electrical field of 400 kV/m. This cell had an AM2 efficiency of 19.2 %. 
Zerdoum et al. [51] made AIGaAs solar cells with х.д(=0.2 by means of LPE. 
A window layer of AIGaAs was used with a graded Al fraction which increased 
from 0.20 at the bottom up to 0.85 at the topside. The junction is realized by 
diffusion of beryllium in the layer. With a diffusion time of 120 seconds at 800 
"C a junction depth of 2 μιη was reached. The efficiency of this cell under AMI 
condition was 16.5 %, 
In 1988 Chung et al. [52] reported an AIGaAs solar cell with a high bandgap 
energy (х>ц=0.37, E f f=1.93 eV). They used a realistic computermodel to calculate 
various parameters such as layer thicknesses, doping levels, contact finger pattern 
and AR-coating. Special features are the concentration (хл<) graded AIGaAs 
window layer and the doping level graded p- and η-layers. The graded doping 
levels have the same function as the composition grading, viz. to give a better 
confinement of the charge carriers. With a large cell surface of 20x20 mm2 this 
cell has an efficiency of 14.86 %. The success of this cell led directly to a high 
efficiency cascade cell of r/=23.9 % (AM1.5, three terminal configuration, see in 
the next subsection for further details) [3]. 
Table 2.1 gives an overview of the above mentioned subcells. It should be 
noted that when the various subcells are compared it is important to notice the 
measuring conditions such as air mass and measuring temperature. Abo one 
should note the difference in bandgap energy because, as is shown in fig. 1.3, the 
theoretically attainable efficiency of a single junction cell, - thus abo of top and 
bottom cells - is a function of the bandgap energy. This efficiency has a maximum 
at a bandgap energy of about 1.45 eV. 
2.4.2. Recent resulte on multi-junction cells 
An overview of the most recently reported multi-junction cells is given in 
table 2.2. 
The three terminal monolithic cell made by Mayet et al. [16] is grown by 
LPE with an AIGaAs (х^(= 0.35) top cell and a GaAs bottom cell. The efficiency 
of 23.5 % is really remarkable for LPE. Care should be taken, however, when this 
cell is compared with the others, since only the effective area has been taken into 
account for the determination of the efficiency. Also the reported efficiency is just 
the summation of the two individual cell efficiencies without considering the panel 
construction. A weak point of this cell was that the cell efficiency decreased at 
higher concentrations. 
Two-junction solar cells with metal intercell contact (MIC) have proved to be 
very successful. Already in 1982 a solar cell made of AlGaAs/GaAs by MOCVD 
[53] with a structure as shown in fig.2.7 reached an efficiency of 15.7 %. 
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Table 2.2. Overview of the most recent results on the multi-junction cells. 
materials 
АІ.эбСа.вьАв/ 
СаАв 
Al.joGa.ToAe/ 
GaAe 
А1.зтСа.тзАв/ 
Са.тБІп.г&Ав 
Al.37Ga.e3Ae/ 
GaAi. 
АЬтСа.взАя/ 
GaAs 
Ga.sb.sP/ 
G a As 
GaAs/GaSb 
E, (eV) 
1.89/1.42 
1.82/1.43 
1.72/1.20 
1.03/1.43 
1.93/1.43 
1.85/1.42 
1.42/0.72 
type ICC1) 
PNP 
MIC*) 
MIC?' 
MIC3) 
MIC») 
T D " GaAe 
MS4» 
term.No. 
3 
2 
2 
3 
2 
2 
2 
4 
growth method 
LPE 
MOCVD 
MOCVD 
MOCVD 
MOCVD 
MOCVD 
air mass 
AMI 
AMI 
AM3 
АМ1.Б 
AM1.5 
AMO 
AM1.5 
AM1.5 
AM1.5 
xsnn 
1 
8 
1 
130 
1 
1 
1 
1 
1 
100 
v{%) 
23.δ-
20.2* 
15.7* 
22* 
ІЗ.в 
23.9 
22.3 
27.6 
27.3 
37 
réf. 
[ie] 
[53] 
[40] 
|зі 
[56) 
M 
[57| 
*: no shadowing taken into account 
І{: ICC inter-cell connect 
2 ¡ : MIC metal interconnected cell 
3
 : TD tunnel-diode 
*': MS mechanical etackinK 
Lewis et al. [40] used a lattice mis-matched system of AlGaAs (£„=1.72 eV) 
and GalnAs (£„=1.20 eV). Because of the better bandgap combination this 
system should have a higher attainable efficiency than the lattice matched Al-
GaAs/GaAs system. Two compositional grading layers were used to connect the 
bottom cell with the GaAs substrate (GalnAs 1.41 eV > E,, > 1.20 eV) and to 
connect the bottom cell with the top cell (AlGalnAs E,, > 1.72 eV). The highest 
efficiency obtained from this cascade cell was 13.6 % (one-sun, AMI.5). They 
also reported [40] the efficiency of an AlGaAs/GaAs cascade cell which was up to 
21.0 % with a three terminal configuration. Chung et al. [3] later mentioned a 
higher efficiency of 16.5 % (one-sun, AM1.5) for the AlGaAs/GalnAs system. It 
is believed that the efficiency mainly is limited by the difficulties encountered in 
growing a transparent AlGalnAs grading layers of high crystal quality between 
the AlGaAs top cell and the GalnAs bottom cell. 
The first cascade cell with a higher efficiency than the best single-junction cell 
was demonstrated by Chung et al. [3] in a lattice matched AlGaAs/GaAs system 
(XAI— 0.37). The efficiencies of 23.9 % (one-sun, AMI.5) in a three terminal 
structure and 22.3 % (one-sun, AMO) obtained with a two-terminal structure 
were superior to the best single-junction cell performances of 23.7 % (AM1.5) [54] 
and 21 % (AMO) [55] respectively. At this moment, this system has reached an 
efficiency of 27.6 % (one-sun, AMI.5) [56]. 
Very recently, a two-terminal two-junction cascade is reported to have an 
efficiency of 27.3 % (one-sun, AM1.5) [4]. This cell is monolithicly grown on a 
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GaAs substrate with a top cell of СаІпРз and a bottom cell of GaAs. A thin 
GaAs tunnel-junction was used as the intercell connector. A top window layer of 
AllnPj was used. 
Reports on mechanically stacked cells also show excellent results. The best 
cell reported till now has been measured in a GaAs/GaSb (1.42 eV/0.72 eV) 
system. To reduce the loss caused by the contact coverage, a special grooved 
cover was used on top of the cell. Although the exact experimental conditions 
were not given, this cell is claimed to have reached an efficiency of 37 % in a 
concentrator system [57J. 
2.5. Summary 
In this chapter some basic issues of multi-junction solar cells have been dis­
cussed. It is shown that for a high performance of the cells, good knowledge 
of the optical and material behaviour of the semiconductors is needed. Various 
proposals of multi-junction cell configurations, especially on intercell connections 
and on matching of the material parameters, are reviewed. 
An overview of recent work is given of the developments of subcells which 
axe specially designed for multi-junction cells together with various intercell con­
nections. In the last part recent achievements of multi-junction cells are sum­
marized. It is shown that excellent performances are obtained with cells using 
an intercell connection of a MIC (metal intercell contact)-type construction or a 
tunnel-junction construction. The mechanically stacked cells up to now show the 
highest cell efficiency. 
A further increase of the solar cell performance can be achieved by a better 
combination of the bandgap energies of the subcells. The use of new materials, 
such as GaInP2 instead of AlGaAs, can optimize solar cells for both material 
quality and electrical and optical parameters. Based on the success of two-junction 
cells, investigation on three-junction cells is expected to give superior results. 
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Chapter 3 
Inñuence of cell structures on 
the performance of GaAs solar cells 
GaAs solar cells were made by two different techniques, namely by metalor-
ganic chemical vapour deposition (MOCVD) and by ion implantation. Using the 
MOCVD technique, p-η junctions are formed either between GaAs epitaxial lay­
ers or between epitaxial layer and substrate. Substrates used here are Si-doped 
η-type GaAs. For these MOCVD grown layers, several growth parameters were 
varied. With the ion implantation technique, Zn-doped p-type GaAs substrates 
were firstly bombarded by Si ions with an energy in the range of 30-220 keV, and 
afterwards treated by Rapid Thermal Annealing. 
In the case of MOCVD grown cells it is found that cells with a p-η junction 
between epitaxial layer and substrate give a lower efficiency, due to the higher 
defect density at the junction, than the cells based on p-η junctions formed in the 
epitaxial layers. This is believed to originate from a structural imperfection at the 
substrate surface, as well as from the contamination of the surface with impurities. 
Growth parameters also appear to play an important role for the performance of 
solar cells. Cells made by ion implantation all show bad performance, probably 
because of material imperfections and a non-optimal design. 
X. Tang, W.G.J.H.M. van Sark, J.L. Weyher, M.H.J.M. de Croon, 
H.G.M. Lochs and L.J. Giling 
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3.1. Introduction 
Because of its bandgap of 1.424 eV, GaAs is one of the optimum materials for 
photovoltaic conversion, giving cells with a predicted efficiency of about 26-29 % at 
AMI [l]. However, uptill now this high efficiency has not been obtained, probably 
because of imperfections in layers and on interfaces, which are introduced during 
growth and processing of the solar cell structures. 
In this paper we will present an investigation into the preparation of two 
types of p-η GaAs solar cells by means of MOCVD - with the junction between 
substrate and epilayer or between two epilayers respectively - and of η-p cells by 
ion implantation. Because of the probable correlation between material imper­
fections and cell performance, we especially will focus on structural defects, e.g. 
originating from contamination of the substrate surface in case of MOCVD and 
not annealed away implantation damage in case of ion implantation. Also the 
impact of MOCVD growth conditions such as growth temperatures and the ratio 
of input gases on the junction and layer quality, and therefore on the actual cell 
performance, will be discussed. 
3.2. Experimental 
For the MOCVD grown solar cells Si-doped n-type (2 x 1017 cm - 3 ) HB-
grown GaAs substrates have been used. The p-η junctions have been grown in 
one growth run together with AlGaAs, which is used as window layer to reduce 
surface recombination, and an extra p+-GaAs layer between AlGaAs layer and 
metal contact, which is used for lowering the contact resistance. 
For the Ion Implantation combined with Rapid Thermal Annealing process 
(ІШТА) Zn-doped p-type (2 χ IO 1 7 cm - 3 ) HB-grown GaAs wafers were used with 
orientation (100) 2° off towards (110). After degreasing and chemical polishing 
(H3S04 : H2O2 : H2O = 5:1:1 solution) room temperature implants were per­
formed with 2 9Si. The implanted dose and energy have been chosen such that the 
net carrier concentration should be 1018 c m - 3 . Four different depths have been 
examined: 0.05, 0.1, 0.2 and 0.3 μτη. corresponding to an energy and dose of 30 
keV and 8 x 101 2 at/cm2, 60 keV and 1.5 X 1013 at/cm2, 140 keV and 3 x 1013 
at/cm2, and 220 keV and 3.5 χ IO1 3 at/cm2, respectively. These combinations of 
energy and dose yield a net carrier concentration of 1018 c m - 3 in semi-insulating 
material. 
Rapid Thermal Annealing (RTA) of the implanted samples was carried out 
in a HEATPULSE 410 system. Annealing took place at 900 0 C in forming gas 
for 10 seconds in proximity mode (face-to-face with GaAs). 
DSL (Diluted Sirtl-like solutions with the use of Light) photoetching was 
applied to the wafers before and after implantation and after annealing. A detailed 
model for the mechanism of GaAs dissolution in DSL etchants (i.e. СгОз-HF-
H2O) and a description of different etch characteristics can be found elsewhere 
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[2,3]. 
The metal contacts for p-type and η-type GaAs are evaporated onto the layers 
and consisted of Au/Zn/Au and AuNiGe respectively. 
Carrier concentration profiles of samples made by ІШТА and MOCVD were 
measured using a Polarem C-V (capacitance-voltage) profiler. Solar cell perfor­
mances are determined by measuring the I-V characteristic of each cell. A cal­
ibrated reference solar cell is used to be able to measure at a light intensity of 
1 kW/m2. 
3.3. Results and discussion 
3.3.1. Metalorganic chemical vapour deposition 
The best cells grown by MOCVD show an efficiency of 16%. Bearing in mind 
the fact that this group of solar cells has ал AlGaAs window layer which is rather 
thick (0.2 μπι) and which has a too low Al fraction of 60 %, the improved cell is 
expected to have an efficiency exceeding 18 %. Further increase of the efficiency 
will rely on (1) the optimization of the cell structure and (2) the improvement of 
the material quality. 
3.3.1.1. Cell structure 
Results show that solar cells with a p-η junction between epitaxial layer and 
substrate give a poorer quality (efficiencies upto 4 %) than the solar cells based on 
p-η junctions formed inside the epitaxial layers. With similar cell configuration, 
the short circuit current density can differ upto a few tens of times. The origin 
of this is believed to be a result from structural imperfections at the substrate 
surface, as well as from the contamination of the surface with impurities. The 
additional n-GaAs layer between the η-substrate and the p-GaAs epilayer confines 
the highly imperfect region away from the p-η junction, resulting in a decrease of 
the recombination current. 
For cells with the p-η junction between two MOCVD layers, the actual con­
figuration of the junction is of importance. Depending on the growth conditions 
such as growth temperature and growth rate, the junction may differ from the 
one intended or expected. 
The C-V profile technique has been used to reveal the net carrier concentra­
tion as function of depth. Although an abrupt p-η junction is not necessary, the 
depletion at the p-η junction in the C-V profiles may represent a highly compen­
sated region, which increases the probability of carrier scattering. 
The p-η junction is formed between Zn-doped GaAs and Si-doped GaAs. 
Although Zn is known to have a rather high diffusion coefficient in GaAs, this 
can not explain the result in the C-V profiles alone, as is shown by a comparison 
between cells grown at different temperatures where no major difference is seen at 
the junction. Realizing that the essential difference in the C-V profiles in Fig. 3.1 
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comes from the difference in growth rate, it is clear that the strong depletion 
should come from the memory effect in the MOCVD system. The solution to this 
problem, in addition to the reduction of the growth rate as shown here, may come 
from the use of a low pressure (0.1 atm or lower) reactor, which is currently being 
built in our laboratory. 
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Fig.3.1. G-V profiles 
from two cells grown un­
der the same conditions 
except that the growth 
rate of BA7(4B) was two 
times lower than that of 
BA6(3B). 
3.3.1.2. Material quality 
The performance of a solar cell depends on the cell configuration and material 
quality whereas the latter depends strongly on the structural defects. Fig. 3.2 
shows the results of photoluminescence (PL) measurements of a bevelled solar 
cell. It is seen that there is a defect related peak (dX) in the p-GaAs layer. The 
origin of this peak is not clear at this moment. 
With a focused light spot, the whole surface of a solar cell can be scanned. 
Local response of the solar cell can be calculated as function of the optical beam 
induced current (OBIC). Fig. 3.3 shows the result of a typical OBIC contour 
around a structural defect. This defect results from the surface contamination 
of the wafer, or non-stoichiometry situations during growth. It is seen that the 
nucleus of the defect is only a few microns, but the effect on the photoresponse 
may extend to a few tens of microns. If a top metal contact figure is by chance 
on the defect, the cell performance may greatly be distorted. By increasing the 
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Fig.3.2. Photoluminee-
cence spectra of a bevelled 
solar cell. The spectra 
( l ) to (4) are respectively 
from: (1) top AlGaAs 
window layer, (a) p-GaAs 
layer, (3) p-η junction and 
(4) n-GaAs layer. OX and 
AX represent donor bound 
and acceptor bound emis­
sions respectively. 
resolution of the OBIC measurement, the influence of defects originating from 
various dislocations may be observed and compared. It should be noted that 
OBIC is not suitable to reveal the correlation between the specific defects and the 
dark I-V characteristic of solar cells. 
3.3.2. Ion implantation and rapid thermal annealing 
The I-V characteristics of all four cells were bad and show a high series re­
sistance leading to fill factors of ~ 0.3 and efficiencies of ~ 0.5 % . The diode 
factor was found to be 2 or slightly higher and the saturation current density was 
in the order of 10~4 A/cm2 indicating bad material quality. From the carrier 
concentration profiles it is concluded that the projected ranges (thus the n-type 
layer thickness) are as predicted. The net carrier concentration of the n-type 
layer, however, is a factor 3-4 lower than expected. This is most probably due 
to compensation effects of the p-type substrate. Fig. 3.4 shows two pictures of 
the DSL photoetched surfaces of a sample that has an n-type layer of 0.3 μτη 
I 45 ISO 155 ev 
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Fig.3.3. 
Micrograph of a defect after 
growth and the correspond-
, ing OBIC contour. The per-
centages shown are related 
to the averaged background 
response. 
(implantation energy 220 keV, dose 3.5 x 1013 a t /cm 2 ) , one taken after implan-
tation (Fig. 3.4a) and one after implantation and annealing (Fig. 3.4b). After 
implantation classical dislocation structures are seen decorated with precipitates 
(presumably Zn) as well as substrate defects. The implantation damage is seen 
as a weak microroughness of the matrix after DSL photoetching. After RTA the 
microroughness is more pronounced, which is evidence for the fact that the crystal 
still is damaged. Defects started to grow as a sort of secondary "recrystallization" 
and are not annihilated. This is in striking contrast with results obtained in the 
implantation of semi-insulating GaAs substrates with Si [4], where microroughness 
is less pronounced after RTA. Another striking feature after DSL photoetching 
is the presence of craters, which has abo been observed in the implantation of 
semi-insulating substrates with Si [4]. These craters are attributed to local yet 
unidentified defects which are created close to the surface by ion implantation. 
The observed material imperfections may well be the cause of the high series 
resistance and high saturation current density, leading to short carrier diffusion 
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lengths and bad cell performance. 
Fig.3.4. Surface structure 4fter DSL photoctching of (a) Si implanted (en­
ergy 220 keV, dose 3.5 X 1 0 1 3 a t/cm 2 ) and (b) Si implanted and annealed 
(RTA, 900 "С, 10 sec, forming gas, face-to-face) GaAs sample showing 
substrate defects, microroughness and craters. 
3.4. Conclusion 
In MOCVD grown cells it is shown that p-η junctions between epitaxial layers 
lead to better performance solar cells than p-η junctions formed between epilayer 
and substrate. The actual configuration of the p-η junction however depends 
strongly on the growth conditions, probably because of memory effects in the 
MOCVD system. 
Photoluminescence measurements reveal a defect related peak in the p-GaAs 
layer. Using OBIC, a good correlation can be found between structural defects 
and photoresponse. 
Although Si implantation in undoped GaAs material is a well established 
technique for the fabrication of device structures [5], problems arise in Si implan­
tation of Zn doped substrates as defects start to grow in the η-type layer during 
annealing. 
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Chapter 4 
OBIC studies: classification of structural 
defects and their influence on 
the performance of M O C V D grown 
GaAs solar cells 
By means of the OBIC (optical beam induced current) technique, where a fo-
cussed laser spot of about 6μπι in diameter is used in combination with a computer 
controlled translation mechanism and data acquisition system, spatially resolved 
structural behaviour of MOCVD grown GaAs solar cells has been studied. First 
of all the overall performance of the cells was studied as a function of difference 
in the GaAs substrate and the MOCVD growth conditions. After that a classifi­
cation has been made for typical defects that either originated from the substrate 
or were created during the MOCVD growth. We have emphasized on the study 
of the so-called oval defects in the grown layers. It is found that ovals with a 
poly-crystalline center have a strong effect on the local response as is expected 
from the short diffusion length of the minority carriers. Some oval defects have 
a region around them where the OBIC response is improved compared with the 
defect-free surface, indicating a locally better solar cell performance. 
X. Tang, P.J.M. Boots and L.J. Giling 
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4.1. Introduct ion 
In order to optimize the performance of solar cells, apart from a good knowl­
edge of the cell configuration and construction, one also needs to control the 
material quality of the solar cells which is often done by measuring an overall 
cell performance related to the variation of parameters, such as the type of the 
substrate, the way of cell fabrication and the working environment of the cells. 
However, in this way no correlation of the overall response to the spatial non-
homogeneity of the material of the cell itself can be made. By means of the OBIC 
(optical beam induced current) technique [1-3], where a focussed laser spot is 
used, spatially resolved structural behaviour can be studied. 
In this investigation, we will use the OBIC technique to study a number of se­
lected MOCVD (metalorganic chemical vapour deposition) grown GaAs/AlGaAs 
heteroface solar cells. First of all the overall performance of the cells will be 
studied as a function of difference in the GaAs substrate quality. After that a 
classification will be made for typical defects that were either originated from the 
substrate or were created during the MOCVD growth. This was done by using 
DSL (Diluted Sirtl-like solutions with the use of Light) [4], in order to reved var­
ious kinds of defects, combined with the OBIC technique. In this way the local 
influence of these defects on the working of the solar cell has been obtained. 
The MOCVD grown layer sometimes contains defects which are created dur­
ing the growth process, especially so-called oval defects which originate from the 
epitaxial-substrate interface and which are caused by local non-stoichiometric 
growth [5]. This type of defect also is found in the layers grown by MBE (molec­
ular beam epitaxy) [6-8]. 
4.2. Experimental 
Fig.4.1 shows the schematic drawing of the OBIC system. A focussed light 
spot of approximately 6 μιη in diameter from a He-Ne laser (632.8 nm or 1.958 eV) 
is used in combination with a computer controlled translation mechanism (step 
size of 1 μιη) and data acquisition system. The laser has a gaussian distribu­
tion and is operated in ТЕМ,*, mode. A lock-in technique is used to increase 
the signed/noise ratio. Further details of the OBIC technique are given in the 
appendix. 
We have used MOCVD grown solar cells made on various GaAs substrates 
cut from different parts of a LEG (liquid encapsulated Czochralski) grown ingot, 
viz. the seed end where a high dislocation density is present and a middle and a 
bottom part of the ingot which have lower dislocation densities. The substrates 
were orientated in the (100) direction. 
The MOCVD growth was performed in an atmospheric reactor with 
trimethylgallium (TMG), trimethylaluminum (TMA) and arsine (AsHa) as source 
materials, and silane (SÌH4) and diethylzinc (DEZn) as n- and p-type dopants pre-
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Fig. 4.1. Experimental set-up for OBIC measurements. 
cursors, respectively. 
DSL photoetching was applied to the substrates before and after growth. A 
detailed description of the DSL etching and DSL etchants (СгОз-НГ-НзО) can 
be found elsewhere [4,9]. Surface polishing was performed by means of chemo-
mechanical polishing with a H2O2-NH3 (pH = 7) solution. The morphology was 
observed with an optical microscope. 
The solar cells have a standard configuration of "top-contact/p+-GaAs/p-
AlGaAs/p-GaAs/n-GaAs/n-GaAs substrate/bottom-contact". The top p+-GaAs 
layer is used for lowering the contact resistance. After the top contact is made, 
the parts without contact coverage have been etched off. The p-AlGaAs is used as 
window layer to reduce surface recombination. The top- and bottom-contacts are 
evaporated onto the layers and consisted of a Au/Zn/Au layered structure and 
AuNiGe, respectively. Intentionally no anti-reflection coating was made to avoid 
unnecessary difficulties in interpreting our OBIC results. 
4.3. Results and discussion 
Before growth, some substrates have been investigated by the DSL technique. 
Fig.4.2 shows two examples of a sample from the seed end and one from the 
middle part of a GaAs ingot. It is seen that common substrate defects such as 
growth striations, grown-in dislocations and micro-precipitates were present. It 
is observed, as expected, that in the seed end the total defect density is higher 
than in the middle part of an ingot. The sample from the middle part and the 
one from the bottom end do not differ substantially. 
After the solar cells were made, it was found that the overall performance of 
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Fig.4.2. Selected substrate surfaces after 2.5 min. of DSL etching 
(S1/5D1/4) [4|. (a)(¿>)(c) are taken from edge, middle and center parts 
of the seed end sample, respectively. (d)(e)(f) are taken from the cor-
responding areas of the sample from the middle part of a GaAs in-
got. Indicated are growth striations (OS), dislocations (D) and micro-
precipitates (P) . Marker represents 200 /xm. 
the cells on substrates which were cut from the seed end of the ingot showed a 
poorer performance as compared with cells from the other parts of the ingot. A 
typical set of results is shown in table 4.1. 
Table 4 .1 . Performance of solar cells made from three different parts 
(seed end, middle and bottom end) of a LEG grown GaAs ingot. AM1.5, 
without concentration, without anti-reflection layers. 
seed end 
middle 
bottom end 
У oc (V) 
0.87 
0.98 
0.98 
Jsc (mA/cm2) 
5.1 
17.5 
18.6 
F.F. 
0.62 
0.68 
0.68 
η{%) 
2.8 
11.7 
12.4 
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Fig.4.3. An overview of the 
OBIC gray shades show­
ing the local response of 
a solar cell (middle part 
of the ingot). The resolu­
tion is 60 μιη. The top-
contact fingers are clearly 
revealed. It is seen that 
the overall response is 
quite flat. Marker repre­
sents 2 mm. 
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Fig.4.4. Micrographs 
of ovals and their cor­
responding OBIC pic­
tures. (a) oval without 
a poly-crystalline cen­
ter, (6) with a poly-
crystalline center 
and (c)(d) with com­
plex centers. Markers 
represent 50 /im. 
Although the absolute magnitude of the OBIC signal from the seed end cells 
of course was lower, the spatial response of these cells, as measured by OBIC, did 
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not show a significant difference from the other samples. In iact, all the cells have 
a rather flat OBIC response (fig.4.3). For all our measured samples, no apparent 
correlation was found between the OBIC response and the substrate defects. Even 
the highly non-uniform distribution of the various structural defects shown in 
fig.4.2 was not revealed in the OBIC signal. A possible explanation might be that 
due to the high defect density on the surface of the substrate, a multiplication of 
the dislocation has occurred in the epitaxial layer. In that case the influence of 
the defects underneath will be covered. 
When doing fine OBIC scanning of solar cell surface, oval defects were clearly 
revealed. Based on surface morphology, oval defects can be classified into three 
types, viz. ovals without a poly-crystalline center, with a poly-crystalline center, 
and complex oval defects with two or more centers. Fig.4.4 shows the examples 
of these three types of oval defects and their corresponding OBIC pictures. It is 
found that ovals with a poly-crystalline center have a stronger effect on the local 
response as is expected from the short diffusion length of the minority carriers. 
ЯР* 
..-v.v-.---r: 
Fig.4.5. Micrograph and fine OBIC scan of a complex oval defect, show­
ing clearly two regions with improved responses. Marker represents 
50 μιη. 
For some oval defects there is a region around them where the OBIC response 
is improved compared with the defect-free surface, indicating a better locally 
solar cell performance (fig.4.5). Apart from the oval defects, another type of 
growth hillocks can be observed (fig.4.6). They have smaller dimensions than the 
ovals and a different morphology. From the OBIC graphs, they all have slightly 
improved local responses. The observed effects for ovals and the smaller growth 
hillocks may indicate that the nuclei of both defects have an inverted p-η region 
[10] which acts as a collector and a transportation channel for the light generated 
carriers so that they can reach the underlying η-layer easier. Another explanation 
is that impurities around the poly-crystalline center of the oval defect have been 
trapped resulting in a locally improved material quality. The second explanation 
is supported by the fact that the effect of improved local responses is found to 
be the strongest on the seed end samples. Since these samples have the highest 
defect density, the trapping mechanism is expected to be most significant. 
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Fig.4.6. Micrograph and 
OBIC response of growth 
hillocks (GH), showing lo­
cally improved responses. 
Marker represents 100 Д т . 
I 
Fig.4.7. Results of DSL etching showing 
(a) ovals as-grown, (6) after etched to the 
epitaxial-layer/substrate interface, and (c) 
further etched into the substrate to show 
various structural defects. Marker repre­
sents 100 /im. 
In order to determine whether or not these defects were caused by the struc­
tural defects existing in the substrates, DSL etching has been used. For this 
purpose, two approaches have been used. The first one is to etch away the epitax­
ial layers in a number of steps until the substrate has been attacked. Fig.4.7 shows 
the micrographs taken from 4.7(a) before etching, 4.7(b) close to the epitaxial-
layer/substrate interface, and 4.7(c) in the substrate. It is seen that after the 
substrate has been reached, the DSL etch pits become flat at the bottom. This 
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indicates an absence of a nucleus, supporting the idea that oval defects are orig-
inated at the epi-layer/substrate interface. No correlation is found between the 
oval defects and the grown-in dislocations (D in fig.4.7(c)) in the substrate. 
The second approach is to polish the epitaxial layers away before DSL etching 
so that a reasonably smooth surface is obtained, followed by DSL etching. Fig.4.8 
shows a result of this approach. It is seen that neither the oval defects nor the 
smaller hillocks can be correlated with the substrate defects shown in fig.4.8(c). 
Fig.4.8. Results of chemo-mechanical polishing and DSL etching show-
ing, (a) as-grown surface, (6) after polishing into the substrate, and (c) 
after DSL etching. Marker represents 100 /im. 
4.4. Summary and conclusion 
OBIC (optical beam induced current) measurements have been performed 
on MOCVD (metalorganic chemical vapour deposition) grown GaAs solar cells. 
The substrates were selected from different parts of a LEG (liquid encapsulated 
Czochralski) grown GaAs ingot. These substrates included slices from seed end, 
middle part and bottom end of the ingot. Some of the substrates have been 
investigated by means of DSL (diluted Sirtl-like solutions with the use of light) 
to reveal the structural defects in the substrate. 
It is found that structural defects found in the substrate, such as growth 
striations, grown-in dislocations and micro-precipitates, do not show back in the 
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OBIC signals. With detailed OBIC scans, so-called oval defects were revealed. 
For some oval defects there is a region around them where the OBIC response 
is improved compared with the defect free surface, indicating a improved local 
solar cell performance. This effect may indicate that the nucleus of the oval has 
an inverted p-η region which acts as a collector and a transportation channel for 
the light generated carriers so that they can reach the junction easier. Another 
explanation is that impurities around the poly-crystalline center of the oval defect 
have been trapped resulting in a locally improved layer quality. 
It is proved that oval defects were originated from the epitaxial-
layer/substrate interface. 
4.A. Optimization of the OBIC method 
The resolution of the OBIC method is determined by the diameter of the 
focussed laser beam at the surface of the solar cell. The characteristics of this 
focussed laser beam, such as depth of focus, spot size and intensity pattern of the 
image, are a function of the intensity pattern of the radiation filling the entrance 
pupil of the lens. [ l l ] . For uniform illumination of the entrance pupil the image 
spot obtained has a diffraction pattern consisting of several minimum (zero inten­
sity) and maximum intensity rings. The diameter of the spot usually is defined as 
the diameter of the central maximum, the so-called Airy Disk, containing 83 % 
of the total diffracted energy. If the pupil illumination is gaussian in profile, an 
image spot of gaussian profile results. In such a distribution pattern the inten­
sity never falls to zero and the diameter usually is defined as the 1/e2 diameter 
containing 87 % of the total intensity. In the experimental setup for the OBIC 
measurements a 0.88 mm (1/e2) diameter laser beam in combination with a beam 
expander (BE) of magnification 10 has been used, resulting in a non uniform trun­
cated illumination of entrance pupil of the lens (numerical aperture = 0.20, lens 
aperture diameter = 9.8 mm). For this situation diffraction effects might occur 
creating a mixture of diffractive and gaussian intensity profile containing several 
maximum and minimum (non zero) intensity points [ l l ] . For reasons of simplicity 
the image spot will be treated as being purely gaussian in the remaining part of 
this section. 
To ensure a well defined and minimal spotsize over the entire scan area of 
the solar cell a three point focussing method has been used. In this method the 
laser spot is scanned over the cleaved edges of the solar cell which in principle is 
a knife-edge scanning technique [12-14]. These three focussing points are chosen 
to cover nearly maximum scan area of the solar cell. Solar cell focussing has been 
accomplished when for each of these focussing linescans a minimum number of 
translation steps is needed to move the laser spot across the edge of the solar cell. 
Assuming a purely gaussian profile for the image spot, the relative OBIC signal 
on moving across a solar cell edge is given by the error function [12-14], 
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V{u) = 0.5(l ± er/(2V2 ( "
 J
U e d g g ) 3 m / 3 ) ) , (4.A1) 
with u = χ or у tramslation coordinate, uedçe = χ or y position of the solar cell 
edge, ά,ροί = 1 / e2 spot diameter and β = tilt angle of the solar cell edge with 
respect to the scan direction. This function can be used to calculate the spot 
diameter from the measured edge scans by applying it in a curve fitting program. 
Curve fitting results indicate d
spot » 6/xm. An example of a focussing linescan 
and the calculated curve with best fitted parameters is given in fig.4.9. 
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Fig.4.9. A typical focussing linescan made by laser spot scanning over 
a solar cell edge. The dots are experimental data, while the solid line 
is a theoretical fit. Spot diameter obtained from the fit is 6.4±0.2 μιη. 
The experimental setup shown in fig.4.1 can be used to perform two types of 
OBIC measurements : short circuit (Isc) and open circuit (Voc)· Open circuit 
measurements can easily be performed by passing the OBIC signal directly into 
the lock-in amplifier having an input impedance of 100 МП. For short circuit 
measurements the OBIC signal is fed into a low input impedance current sensitive 
amplifier (A/V sensitivity 1 0 - 4 - 10 _ e) before it is passed to the lock-in amplifier. 
In the presence of a (diffuse) background illumination the OBIC response consists 
of two signals : 
1. A chopped dc OBIC signal from the Не/Ne laser, 
2. A "constant" dc OBIC signal caused by background illumination. 
Using a phase sensitive signal detection only the chopped signal is directly mear 
sured. Nevertheless the background illumination can cause signal variations in 
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the measured OBIC response. Assuming series resistance RSE = 0 and shunt 
resistance RSH = oo the I-V characteristics of the solar cell can be described as, 
/ = M e e V ^ f c r - l ) - / i , (4.Λ2) 
with A and l^, respectively representing the perfection factor and reverse bias 
saturation current. From this the Не/Ne OBIC signal for Isc and Voc measure­
ments can easily be deduced as, 
and, 
•isc = Isc{He/Ne + background) — ISc{ba.ckgroun<£)t (4..A3) 
Voc = Voc{He/Ne + background) — VQC [background) 
= [AkT/e) In (l + JSC ) . (4.Λ4) 
V I
sc
{background) + loo' 
Signal variations in the Is с signal can be caused by various components in 
light induced currents from η, ρ and depletion region on scanning the focussed 
laser spot over the solar cell surface [15]. Undesirable strong Isc signal changes, 
not correlated to spatial (Не/Ne) response of the solar cell, can be caused by 
sudden changes in background illumination. For Voc type measurements the 
Is (-(background) signal strength directly influences the measured Не/Ne Voc 
signal. To eliminate any background influences the entire optical part of the 
experimental setup has been placed in a "black box". Any variations in the Voc 
OBIC signal caused by changes in dark current characteristics can be neglected. 
Therefore any VQC OBIC signal variations are solely caused by light current (Isc) 
variations of the Не/Ne signal. The Voc OBIC signal is thus an indirect measure 
of (spatially) light current (Isc) response. 
For maximum sensitivity it is important to select the type of measurement 
which would give maximum signal change on variations of the light induced cur­
rent. For this it can be shown that the relative Voc signal change is dependent 
on the relative Isc variation according to, 
AVQC
 =
 1 1 AJsc 
Voc (1 + ¡oo/h) ln(h/Ioo +1) he ' [ ' 
According to this \AVoc/Voc\ is always smaller than \&hc/hc\· In this work, 
all the measurements have been taken with Isc· 
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Chapter 5 
Temperature-dependent aluminium 
incorporation in AlxGa1_xAs layers 
grown by Metal Organic 
Chemical Vapour Deposition 
The temperature-dependent behaviour of the solid composition x, of 
AlzGai-zAs has systematically been studied as a function of gas phase compo-
sition Xg in an optimized horizontal Metal Organic Chemical Vapour Deposition 
(MOCVD) reactor at atmospheric pressure. Up to a temperature of 660 0C the 
Al incorporation is constant but slightly exceeds the Ga incorporation. Above 
this temperature the Al incorporation strongly increases with temperature. This 
behaviour is most probably related to a change in growth mechanism from mass 
transport limited growth to a regime where the growth is controlled by thermo-
dynamics, especially for the gallium species. 
W.G.J.H.M. van Sark, G.J.H.M. Janssen, M.H.J.M. de Croon, X. Tang, L.J. Giling 
W.M. Arnold Bik, C.P.M. Dunselman, F.H.P.M. Habraken and W.F. van der Weg 
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5.1. Introduction 
Twenty years after the original demonstration of the utility of the Metal Or­
ganic Chemical Vapour Deposition (MOCVD) process by Manasevit [l] MOCVD 
has evolved into a major epitaxy technique for ІП- semiconductor materials. 
A large number of devices based on two-dimensional electron gas structures and 
multiple-quantum-well heterostructures have been made employing MOCVD; this 
alone demonstrates its importance [2,3]. The chemistry of the MOCVD process 
is still a subject of discussion, however certainly where it concerns the growth 
mechanism of ternary and quaternary compounds. Also the mechanism that de­
termines the amount of aluminium that is incorporated in Al^Gai-^As is not 
yet fully understood. Several authors [2-4] have shown that the Al incorpora­
tion coefficient (defined by these authors as the ratio of the solid composition x, 
in AlsGai-a-As and the gas phase composition x,,) slightly exceeds unity and is 
not dependent on growth temperature. Here xff is defined as the ratio of the Al 
containing growth species (trimethylaluminium (TMA)) over the total group ΙΠ 
elements concentration (TMA and trimethylgallium (TMG)), where one has to 
take into account the dimerization of TMA. Takahashi et al. [5] however reported 
a higher value, that does depend on growth temperature, employing a horizon­
tal atmospheric pressure reactor. We will show that beyond a certain transition 
temperature the Al incorporation strongly increases with temperature. 
5.2. Experimental growth conditions and analysis 
techniques 
A horizontal atmospheric pressure reactor with a rectangular cross-section 
and a long horizontal susceptor was used in our experiments [6]. The purpose of 
the long susceptor is to establish a fully developed flow profile in the reactor, such 
that the diffusion flux of the growth species can be calculated with reasonable 
confidence and accuracy. This is in contrast with reactors, where the susceptor 
length is so short that the flows are in their early stages of development, and 
uncertainties in boundary layer width and temperature profiles are so large, that 
no reliable calculations are warranted. The reactor was resistance heated at the 
bottom and water cooled at the top to establish a known temperature gradient 
[6]. Al
x
Gai_
x
As layers were grown on Cr-doped semi-insulating GaAs substrates 
with orientations (110), (100) 2° off towards (110), and (l l l)Ga. TMA and 
TMG were used as source gases for Al and Ga, respectively; pure arsine was 
used for the arsenic and a molsieve was installed in the arsine line. Hydrogen 
was used as a carrier gas. The bubbler containing TMA was held at 17 "С 
while the TMG bubbler was held at 0 0 C . The flowrates of TMA and TMG 
were varied between 0-3 seem and 1-3 seem, respectively. The AsHs and H3 
flows were kept at 60 seem and 4 slm, respectively. The room temperature mean 
flow rate was 7.5 cm/s. The growth temperature was varied between 590 and 
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760 0 C and was determined by measuring the substrate temperature using a 
pyrometer. The growth rate was typically 0.1 д т / m i n and was measured by 
taking Scanning Electron Microscopy (SEM) photographs of stained cross-sections 
of epitaxial layers. The amount of Al incorporated in Al^Gai-xAs was measured 
by three techniques, viz. photoluminescence (PL), elastic recoil detection (ERD), 
and inductively coupled plasma atomic emission spectroscopy (ICPAES). 
From PL measurements performed at 4.2 К the Al solid composition x, could 
be obtained from х , = 0 to 0.4 using the linear relation between PL peak position 
and composition [7,8]. For higher values of x«, ALgGai-zAs becomes an indirect 
semiconductor [9]. Recent PL measurements [10] show that it is also possible to 
measure the Al concentration in this regime by observing the indirect transition 
and taking into account the phonon coupled to it. ERD was performed at the 
Van der Graaff tandem accelerator facility at the Utrecht State University. This 
technique can be applied to measure light elements (such as Al) in a heavy atom 
matrix (GaAs) [11]. A 50 MeV Cu beam was used to irradiate the grown layers. 
The recoiled and backscattered particles pass a 9 μτα absorber foil and the remain­
ing particles are then analyzed. In order to determine the Al content by ICPAES 
the complete samples were dissolved in boiling HNO3 (25 % ) . Subsequently the 
solution was injected into the plasma chamber and analyzed; from the knowledge 
of layer and substrate thicknesses the amounts of Ga, As, and Al were obtained. 
ERD and ICPAES are capable of measuring the Al content in the whole range 
from x , = 0 to 1. The highest accuracies are obtained by PL, followed by ICPAES, 
because of the uncertainties in layer thickness. Detailed ERD measurements were 
published elsewhere [11]. 
5.3. Results 
All three measurements give basically the same results. In Fig.5.1 the data 
points are given for the Al composition x, as a function of input concentration 
ratio Xg for a growth temperature of 750 "С and for growth temperatures below 
650 "C. The dotted line represents literature data taken from the review article 
of Ludowise [3]. These data are mainly for temperatures lower than 700 " С . 
At these lower growth temperatures our data are in good agreement with the 
literature data. 
5.3.1. A l
z
G a i _
z
A s g r o w t h m o d e l 
Models that describe the growth process in horizontal now reactors yield 
the following general relation for the growth rate r [6,12] (in Appendix a more 
thorough treatment is given) : 
r = Co f, (5.1) 
where Co is the input concentration of the group III component and f is made 
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Fig.5.1. Data points for 
the aluminium solid frac­
tion x , in AI
s
Gax_ 2 Ae as 
a function of the input 
Al concentration ratio x 0 
d T M A | / ( [ T M A ] + [ T M G | ) ) 
in the gas phase 
at a growth temperature of 
7S0 "G and at growth tem­
peratures below 650 0 G. 
The dotted line is drawn 
according to data taken 
from Ludowise [3]. The 
full line is a theoretical line 
for Q=3. The dotted line 
can entirely be described 
by Q=1.3. Growth condi­
tions were РГМЛ+ГМС = 
65 Pa, V/III=25. 
independent of the concentration of the group Ш component. Explicit expressions 
for f are not really needed here, but for the regimes where transport through the 
gas phase is rate determining or where the chemical kinetics at the crystal surface 
dominate, it can be proven that [2,3,6,12] (see Appendix) 
diffusion limited: 
r-( A,, vo, Л, x, Г) = Л ^ exp ( - В ^ | | ) , (5.1α) 
kinetically limited: 
where 
E
a f(fco,T) = fco « P ( - д ^ ) . (5.16) 
Do the binary diffusion coefficient of the group III component at room tempera­
ture, 
VQ the mean horizontal gas flow velocity, 
h the free height above the susceptor, 
χ the coordinate along the reactor (heating starts at χ = 0), 
Л, В temperature dependent dimensionless numbers, which are a weak function of 
Τ and the thermal diffusion factor α.? only (see Appendix), 
Ao pre-exponential factor of rate constant, which is a weak function of Τ and 
the thermal diffusion factor a r only (see Appendix), 
E
a
 activation energy for chemical reaction or reaction enthalpy for equilibria, 
Γ growth temperature, 
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R gas constant. 
Equation (5.1a) shows that horizontal flow reactors always exhibit depletion 
in the direction (x) of the flow for the diffusion limited regime. In the case of 
Eq. (5.1b) the expression can become much more complicated, but it will always 
contain at least one reaction-rate constant or equilibrium constant. The essence 
is that in this case ал exponential temperature dependence comes into play. 
For the growth of Al^Gai-aAs Eq. (5.1) will be valid for both Ga and Al 
[13,14]; it follows that for pure GaAs and AlAs the growth rates are given by 
r C a = [TMG] fGa, (5.2) 
rAl = [TMA] f A,, (5.3) 
where [TMG] and [TMA] are the input concentrations of TMG and TMA, respec­
tively. For the growth of Al^Gai-^As it is assumed that the total growth rate 
is given by roa + ΓΑΙ and that г<з
а
 and rA¡ are independent of each other. The 
amount of incorporated Al (χ«) can then be calculated to be 
_
 =
 Άι
 =
 \TMA}fAl 
' rAl + rGa [TMA] fAi + [TMG] fGa- { ' , 
By defining a as 
a = fü-, (5.5) 
and using xa = (irJJi+^MG]) we obtain 
« • • i + t T - i K < 5 · β > 
or 
α can be called the ratio of the incorporation coefficients of Al and Ga for the 
growth of AlxGai-^As and is equal to the Al incorporation coefficient itself [2-
4] for x
e
 and Xg -*• 0. The incorporation of Al in Al^Gai-sAs can thus be 
described by one variable (a), which is a function of temperature. This is perfectly 
demonstrated for the two lines in Fig.5.1. The complete dotted line is represented 
by а = 1.3 whereas the complete solid line is given by а = 3. 
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5.3.2. Temperature dependence of growth rate and combined 
incorporation coefficient α 
Comparing Eqs. (5.5) and (5.1a), (5.1b) we see that α depends on temper­
ature through the numbers A and В or via the activation energy E
a
. In order 
to study this behaviour in more detail we have varied the growth temperature 
and determined the growth rate as well as a. Fig.5.2 shows the growth rate of 
GaAs and АІ
х
Саі_
я
Аз as a function of temperature. The curve drawn belongs 
to substrates that were placed at position χ = 12 cm, where the temperature, 
concentration, and velocity fields are fully developed. Two regions can be distin­
guished: region 1, where no temperature dependence is found and region 2, where 
a temperature dependence does exist. In region 1, gas phase diffusion of growth 
species is rate limiting [6,15]. The drop in growth rate in region 2 is still under 
debate; explanations for the lower growth rate at higher temperatures run from 
homogeneous gas phase reactions [16] and arsenic evaporation [17] to desorption 
of growth species from the crystal surface [15,17]. 
Fig.5.2. Growth rate Γ 
of A l z G a i - z A s and GaAs 
as a function of growth 
temperature at a position 
X = 1 2 cm. Note that 
above 660 "C the growth 
becomes temperature de­
pendent. Growth condi­
tions were PTMA+TMG= 
63 Pa, V/III=25, x ( ,=0.14, 
and substrate orientation 
(110) and (100) 2° off to­
wards (110). 
In Fig.5.3 the temperature dependence of α is shown. The curve drawn is for 
experimental points taken from substrates lying at positions χ = 9, 12 and 15 cm. 
Data points taken from substrates positioned at χ < 9 cm give a similar behaviour, 
but here the curves are shifted towards higher temperature. This basically means 
that the temperature profile in the gas above the substrates has not yet been 
fully developed and that the chemical reactions are not completed in the entrance 
region of the reactor for these experiments. A similar result has been reported 
by Takahashi et al., who increased the flow over the substrates and observed a 
lower incorporation coefficient due to a lower effective growth temperature [5]. 
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Fig.5.3. The ratio of the in­
corporation coefficients of 
Al and Ga α as a func­
tion of growth temperature 
for substrates at x > 9 cm. 
Note the transition at 
660 "C from temperature 
independent (region 1) to 
temperature dependent be­
haviour (region 2). The 
full line is only drawn to 
connect the corresponding 
data points. The insert 
shows an Arrhenius plot 
of the same data points. 
From this an activation en­
ergy of 15.3 Kcal/mol is 
derived. Growth condi­
tions were PTMA+TMG = 
63 Pa, V/III=25, Xg=0.1i, 
and substrate orientation 
(100) 2° off towards (110). 
For substrates at χ > 9 cm a transition at 660 "C is observed from temperature-
independent (region 1, α = 1.3) to temperature-dependent behaviour (region 2). 
This transition coincides with the kink in growth rate as a function of temperature, 
as shown in Fig.5.2. In our opinion the increase of α at higher temperatures can be 
explained assuming that the G a growth species desorb faster than the Al growth 
species because of bond strength reasons: the Al-As bond is stronger than the 
Ga-As bond. This follows from the difference in the heats of formation of AlAs 
and GaAs, which are 150 and 128 Kcal/mol, respectively [18]. Consequently there 
will be less Ga available for incorporation in comparison with Al. In the insert of 
Fig.5.3 an Arrhenius plot is drawn for a. From this plot we derive an activation 
energy of 15.3 Kcal/mol, which is a plausible figure for the desorption of Ga from 
the surface. Thus we tentatively conclude that for these higher temperatures the 
incorporation of Ga is thermodynamically controlled. Theoretical arguments in 
support of this will be presented in a future publication [12]. The results presented 
seem to be contradictory to results obtained by other authors [2-4], who have 
grown Al
x
Gai_aAs at temperatures higher than 660 "С, but nevertheless obtain 
an о of 1 - 1.3. This is most probably due to the fact that in their case the 
temperature, concentration, and velocity profiles are not fully developed, leading 
to a lower effective growth temperature [5]. The fact that at temperatures lower 
than 660 0 C a exceeds unity is not fully understood. 
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5.4. Conclusion 
In this paper, we have shown experimentally that the incorporation of Al in 
AlxGai-gAs is dependent on temperature beyond a certain transition tempera­
ture. Below this temperature the growth rate is limited by gas phase diffusion. 
Above this temperature, most probably, thermodynamically controlled surface 
processes (e.g. enhanced desorption of Ga with respect to Al) are rate limiting. 
At lower pressures (1-10 mbar) we expect that the temperature variation in α 
will be at least similar, but probably stronger than at atmospheric pressure; ex­
perimental results [4,19-23] however do seem to be contradictory at this point. 
In a future publication we will present a more elaborate growth model in which 
surface processes are included [12] and that will give a more theoretical basis for 
our conclusions. 
5.A. Derivation of growth ra te 
To obtain an analytical expression for the growth rate r one has to solve the 
diffusion equation [24], which can be written in its general form as 
^^- + V · (ПС«») = V · (Deuten + α
Γ
η(1 - п) 1пГ)), (5.Α1) 
where 
Ctot total gas phase concentration (= P/RT) 
η mole fraction of growth species (C = nCtat ) 
С concentration of growth species 
υ flow velocity 
D the binary diffusion coefficient of the group III component 
αχ thermal diffusion factor 
Τ growth temperature 
Ρ total pressure 
R gas constant 
A Cartesian coordinate system is used for our rectangular reactor (height A), 
in which χ is parallel and у perpendicular to the gas flow direction. Considering 
the reactor is of infinite width the problem is reduced to a two-dimensional (x — y) 
one. Flows under typical MOCVD conditions are laminar and in a quasisteady 
state [14,25]. Furthermore we assume that the velocity ν is only a function of the 
height у which can be approximated by a mean velocity and that the temperature 
Г is a linear function of у (this has been shown earlier [26]) : 
ΰ=νο?{Τ./Το), (5.Л2) 
T(y) = Γ. - (Γ, - T0){y/h), (5.ЛЗ) 
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where Τ, is the substrate temperature (y = 0), To is the temperature at the top 
of the reactor (y = h), VQ is the mean horizontal gas flow velocity, with 
/Г.ч (Г./Го) - 1 
Τ\Το) = 1η(Γ./Γο) · ( 5 · Λ 4 ) 
At χ = 0, where heating of the substrates starts, the velocity and temperature 
profiles are suddenly changed, as if the new profiles resulting from the heat shock 
are immediately established. This eliminates entrance effects, which is allowed 
in our case, because of the fact that our samples are always positioned beyond 
position i = 8 cm to be sure that the velocity and temperature profiles are well 
established. With these assumptions Eq. (5.A1) reduces to (rewriting С as a 
variable, using Ρ = 1 bar, and η < 1) ; 
Equation (5.A5) is solved using the following set of boundary conditions 
C
x=
o = (Го/Г)Со, (5.Л6) 
J t f | y = h = 0 , (5М7) 
•Ч=о = * Ч = о . M 8 ) 
where Co is the input concentration of the group Ш component. Boundary condi­
tion Eq. (5.A6) represents the sudden change in the temperature profile at χ = 0. 
The flux of species out of the top of the reactor is zero (Eq. (5.A7)). The presence 
of surface kinetics (Ga and Al species adsorb at and desorb from the substrate sur­
face) results in boundary condition Eq. (5.A8): the flux of growth species through 
the gas phase towards the substrate equals the flux of species that actually are 
incorporated in the growing epitaxial layer. Equation (5.A8) can be rewritten to 
yield (introducing the well-known CVD number [27,28] NCVD) 
( дС С' дТ \ 
37 + ( а Г + 4 vU = N^C'^ (5.Л9) 
with 
C' = C/Co, 
if = у/ь, 
NCVD = kk/DT,. 
The growth rate r is defined as 
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Solving Eq. (5.A5) with boundary conditions Eqs. (5.A6), (5.A7), and (5.A9) 
yields a solution for C'; substituting this solution in Eq. (5.A10) then gives 
»=ι 
where Ai and Bi contain the CVD number and combinations of Bessel functions of 
first and second kind of fractional order and are weak functions of the temperature 
Τ and the thermal diffusion factor αχ. 
It can be shown [12] that for NCVD < 0.1 the first term (»' = 1) contributes 
more than 99% to the total solution. For NCVD > 100 an error of « 18% is 
made when only the first term is used. Therefore Eq. (5.A11) reduces in good 
approximation to 
r = Cof, (5.Л12) 
with, in the diffusion limited regime ( NCVD > 1)» 
For the kinetically limited regime ( NCVD < l) a much smaller error ( « 1%) 
is made when only the first term in Eq. (5.A11) is used. Recalling that the 
dimensionless numbers Ai and Д- are functions of NCVD in which the influence of 
к is expressed, it can be shown that for the kinetically limited regime Eq. (5.A12) 
is valid too, with 
f = ^ e x p ( - F ± | ) , (5.Ж4) 
where E and F are weak functions of T,, To and aT of the order 1. For small к and 
assuming that the limiting reactions exhibit Arrhenius type behaviour Eq. (5.A14) 
reduces to 
f(fco,T) = ко exp( - EJRT). (5.Л15) 
Equations (5.A12), (5.A13), and (5.A15) are the same as Eqs. (5.1), (5.1a), and 
(5.1b), respectively, and form the basis on which the model of the combined 
incorporation coefficient a is built. 
Temperature-dependent AJ incorporation in MOCVD grown AJGaAa 63 
References 
1 H.M. Manasevit and W.I. Simpson, J. Electrochem. Soc. 116 (1969) 1725 
2 T.F. Kuech, Mater. Sci. Rep. 2 (1987) 1 
3 M.J. Ludowise, J. Appi. Phys. 58 (1985) R3 
4 V. Aebi, C.B. Cooper III, R.L. Moon and R.R. Saxena, J. Crystal Growth, 
55 (9181) 517 
[5] Y. Takahashi, T. Soga, S. Sakai, M. Umeno and S. Hattori, 
Jpn. J. Appi. Phys. 22 (1983) 1357 
[6] J. van de Ven, G.M.J. Hutten, M.J. Raaijmakers and L.J. Giling, J. Crys-
tal Growth 76 (1986) 352 
[7] D.E. Aspnes, S.M. Kelso, R.A. Logan and R. Bhat, J. Appi. Phys. 60 (1986) 
754 
[8] T.F. Kuech, D.J. Wolford, R. Potemski, J.A. Bradley, K.H. Kelleher, 
D. Van, J. Paul Farrell, P.M.S. Lesser and F.H. Pollak, Appi. Phys. Lett. 
51 (1987) 505 
[9| H.C. Casey Jr. and M.B. Panish, "Heterostructure Lasers, Part B: Materials 
and Operating Characteristics", Academic Press, New York, 1978 
[10] H.G.M. Lochs, unpublished 
[ l l j W.M. Arnold Bik, C.P.M. Duneelman, F.H.P.M. Habraken, W.F. van der 
Weg, W.G.J.H.M. van Sark, G.J.H.M. Janssen and L.J. Giling, Proceedings 
of the Conference on Applications of Ion Beams in Material Science, Hosei 
University, Tokyo, Sept. 2-4, 1987 
[12| W.G.J.H.M. van Sark, M.H.J.M. de Croon, G.J.H.M. Janssen, and 
L.J. Giling, Semicond. Sci. Technol. 5 (1990) 291 
[13 M. Suzuki and M. Sato, J. Electrochem. Soc. 132 (1985) 1684 
[14 D.I. Fotiadis, A.M. Kremer, D.R. McKenna, and K.F. Jensen, J. Crys-
tal Growth 85 (1987) 154 
15 D.H. Reep and S.K. Ghandhi, J. Electrochem. Soc. 130 (1983) 675 
16 M.R. Leijs and H. Veenvliet, J. Crystal Growth 55 (1981) 145 
17 G.B. Stringfellow and H.T. Hall, J. Crystal Growth 43 (1978) 47 
18 "Handbook of Chemistry and Physics", edited by R.C. Weast (CRC, Cleve-
land, OH, 1977-1978), 58th edition, E-101 
[19] T.F. Kuech, D.J. Wolford, E. Veuhoff, V. Deline, P.M. Mooney, R. Potemski 
and J. Bradley, J. Appi. Phys. 62 (1987) 632 
[20] M. Mizuta, T. Iwamoto, F. Moriyama, S. Kawata and H. Kukimoto, J. Crys-
tal Growth 68 (1984) 142 
[21] M.J. Ludowise and W.T. Dietse, J. Electron. Mater. 11 (1982) 59 
[22| Y. Mori and N. Watanabe, J. Appi. Phys. 52 (1981) 2972 
[23] J.J. Coleman, P.D. Dapkus, D.E. Thomson and D.R. Clarke, J. Crys-
tal Growth 55 (1981) 207 
[24] R.B. Bird, W.E. Stewart and E.N. Llghtfoot, "Transport Phenomena', ' Wi-
ley, New York, 1960 
25] H. Moffat and K.F. Jensen, J. Crystal Growth 77 (1986) 108 
26] L.J. Giling, J. Electrochem. Soc. 129 (1982) 634 
27] C.H.J, van den Brekel, Philips Res. Rep. 32 (1977) 118 
28] C.H.J, van den Brekel and J. Bloem, Philips Res. Rep. 32 (1977) 134 
64 
65 
Chapter 6 
Doping of gallium arsenide in MOCVD: 
equilibrium calculations 
Equilibrium calculations have been performed on systems containing arsine, 
trimethyl gallium, hydrogen and the dopants for GaAs. The aim was to find out 
whether unwanted solid compounds of the doping elements are to be expected on 
thermodynamic grounds. The calculations have been performed with the amount 
of dopant as a variable, at a temperature of 1000 K. It is found that Be, Ge, and 
Sn are hazardous dopants from a thermodynamic point of view. Si, S, Se and Te 
are hazardous only if a certain value of the input concentration is exceeded. No 
hazards are to be expected with Mg, Zn and Cd. 
L.C. Keizer, X. Tang, R.Z.C, van Meerten and L.J. Giling 
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6.1. Introduct ion 
During the growth of gallium-arsenide by metalorganic chemical vapour de­
position (MOCVD), dopants are added to the gas phase, in order to achieve n-
or p-type material. The doping concentration in the growing crystal depends on 
parameters such as the concentration in the gas phase, the segregation coefficient, 
temperature and presence of other reactive gas species. 
Many studies have been published on the behaviour of dopants, covering 
mainly the effect of dopant input concentration, dopant incorporation rate, dif­
fusion constants, incorporation mechanisms, etc. [1,2]. In addition, these doping 
experiments have been carried out as function of growth conditions such as growth 
temperature, growth rate, /Ш ratio. But to our knowledge there has been no 
discussion as yet whether a certain dopant is intrinsically suitable or not on ther­
modynamic considerations. 
Our aim was to get insight in the possible reactions of dopants with other 
species present in the gas phase and whether the formation of solid compounds 
and precipitation of the dopant element in the matrix are to be expected. If 
this occurs during MOCVD, gas phase nucleation is a point to worry about as 
well. Precipitation of the dopant in the GaAs crystal, will not only lead to local 
imperfection of the crystal structure but also to inactivation of (part) of the 
dopant. 
It must be well understood that this paper only deals with equilibrium sit­
uations, where the end situation is not hampered by kinetic effects such as solid 
state diffusion, trapping of the dopant, etc. This is in contrast with, e.g., the 
growth by MBE or low temperature growth by MOCVD where kinetic effects 
dominate. Results obtained in such systems can deviate considerably from the 
conclusions obtained in this thermodynamic analysis. In a common MOCVD 
reactor, a real equilibrium may never be reached. However, depending on the 
reactor design and the growth conditions, a certain degree of (near) equilibrium 
will be obtained. Therefore the results based on equilibrium calculations should 
give a good indication. 
6.2. M e t h o d 
Thermodynamics offers the possibility to calculate the equilibrium composi­
tion of a system of compounds at a certain temperature and pressure (or volume). 
At our disposal was the Computerprogramme "ЕК Г for a personal com­
puter, available from Dr. B.Noläng, Sweden [3]. It incorporates a thermodynamic 
data base of a large number of elements and compounds, in the form of the stan-
dard enthalpy of formation ДЯ^(298 К), standard entropy 5°(298 K) and the 
standard heat capacity as a function of temperature C°(T). This data base was 
extended with literature values of several compounds. 
By minimalization of the Gibbs free energy of the system of compounds, the 
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Table Θ.Ι. Standard (298 K, 1 atm) heat of formation, standard entropy and 
standard heat capacity for the species taken into account in all the equilibrium 
calculations; all species gaseous 
As 
Ац 
Α., 
Aa4 
AiH 
AiH, 
Α·Η, 
A.CH, 
A.(CH,), 
HAiCH, 
H J A B C H , 
HAiCCH,), 
Ca 
GaH 
GaH, 
GaH, 
Ga,H. 
GaCH, 
Ga(CH,b 
CatCHjb 
HGaCH, 
HGa(CH,), 
H,CaCH, 
GaCHs 
HGaC,H6 
H,GaC,H5 
CHjGaCjHs 
HCH,GaC,Ht 
GaA· 
AiGaCH, 
HA.GaCH, 
CHj 
CH, 
CH« 
CH, 
C,H3 
C,H4 
C,H. 
Ο,Η« 
Η 
Η, 
ДЯ;(298) 
kJ/mol 
ЗОІ.в 
190.5 
201.4 
153.7 
247.0 
169.0 
ββ.4 
23ββ 
ise.s 
170.3 
96.2 
72.4 
272.0 
220.5 
164.0 
108.0 
12β.Ο 
74.1 
65.7 
-43.5 
116.0 
10.0 
60.0 
71.0 
91.6 
50.2 
57.0 
-16.0 
347.3 
334.0 
280.0 
385.2 
. 
145.7 
-74.9 
226.7 
260.0 
. 
52.S 
107.0 
-84.0 
. 
218.0 
0.0 
. 
S'{29») 
J/molK 
174.1 
239.3 
310.1 
327.3 
200.8 
185.8 
222.8 
255.2 
318.0 
263.6 
259.4 
313.8 
169.0 
195.5 
224.0 
218.0 
276.2 
255.2 
322.2 
351.5 
263.6 
318.0 
259.4 
326.4 
334.7 
334.7 
359.8 
355.6 
258.2 
343.0 
351.5 
181.0 
. 
194.1 
186.1 
. 
200.8 
232.7 
219.2 
251.7 
229.1 
114.6 
130.6 
T < 
τ> 
τ< 
800 Κ 
800 Κ 
800 Κ 
τ > eoo κ 
τ< 
τ> 
800 Κ 
BOOK 
Τ < 800 Κ 
τ> 
τ< 
τ> 
800 Κ 
800 Κ 
800 Κ 
τ<βοοκ 
τ> 
τ< 
τ> 
τ< 
τ> 
τ< 
τ> 
BOOK 
800 Κ 
BOOK 
800 Κ 
BOOK 
800 К 
800 К 
СЦТ)-
а 
20.786 
37.200 
62.095 
82.408 
23.0 
24.3 
42.1 
39.8 
54.0 
54.4 
58.2 
56.1 
31.84 
24.0 
28.7 
28.0 
69.5 
40.2 
64.0 
74.5 
48.5 
64.0 
56.9 
52.7 
60.7 
68.6 
63.6 
70.7 
37.384 
62.6 
63.2 
21.078 
24.011 
27.286 
25.968 
1.337 
23.633 
41.469 
42.847 
6.504 
42.227 
1.819 
47.343 
-9.033 
49.114 
-4.511 
51.445 
20.786 
32.020 
23.297 
а + ЬТ + еТ"» + dT3 J/molK 
ЬхІО» 
0.151 
0.201 
1.184 
13.4 
34.3 
22.6 
59.0 
128.5 
154.8 
176.2 
152.8 
-7.74 
15.11 
31.6 
56.9 
128.0 
59.0 
116.7 
19S.0 
76.2 
144.8 
93.7 
114.2 
133.8 
151.9 
191.2 
210.9 
-0.439 
55.6 
78.7 
36.661 
31.187 
39.839 
42.683 
100.229 
66.109 
36.990 
33.072 
116.011 
50.847 
149.429 
66.442 
181.892 
81.719 
197.973 
100.960 
-7.272 
6.435 
с X IO"» 
-2.021 
-2.770 
-7.029 
2.0 
1.3 
-9.2 
-5.4 
-12.3 
-15.9 
-21.2 
• 16.6 
-3.47 
1.0 
-0.3 
-15.9 
-27.6 
-4.β 
-13.0 
-16.7 
-9.6 
• 15.9 
-14.6 
-10.9 
-14.6 
-18.4 
-20.0 
-24.7 
-6.6 
-7.0 
0.241 
-3.243 
0.233 
0.138 
6.351 
-22.877 
-6.699 
-7.076 
2.217 
-32.317 
1.564 
-42.653 
6.811 
-57.241 
3.947 
-56.261 
-1.351 
9.500 
d χ 10" Ref. 
5)Ь 
5Ь 
5 b 
-0.523 37) 
-4. 
-10. 
[β 
-16. 
-34. 
-43. 
-49. 
-41. 
6 
6 
3β| 
β 
β 
β 
β 
β 
1391 
-5. [β 
-10. 
-62. 
-41. 
-16. 
-31. 
-53. 
-21. 
-39. 
-25. 
-33. 
-38. 
-42. 
-52. 
-59. 
,381 
β 
β 
β 
β 
β 
β 
β 
[«.«1 
-14. 
-22. 
-10.511 
-7.390 
-8.242 
-9.711 
-30.600 
-15.659 
-9.799 
-6.940 
-46.018 J 
-11.918 
-59.063 
-15.620 
-69.340 I 
-19.303 
-72.793 J 
-24.225 
. 
5.674 
-0.477 
θ 
β 
4 
«1 
4] 
<| 
42] 
«1 
«Ι 
42| 
«Ι· 
«1· 
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Table 6.2. Standard (298 K, 1 atm) heat of formation, standard entropy and 
standard heat capacity for the important species of the equilibrium calculations 
with dopant; all species gaseous unless designated (s) for solid or (1) for liquid 
Δ#;(298) S'{29t) СЦТ)= » + bT + еТ"» + dT* J/molK 
kJ/mol J/molK · b κ IO3 e x КГ» d κ ΙΟ« Ref. 
B«(.) 
Be 
Mg 
Mg, 
MgH 
Zn 
Cd 
Si(.) 
Si 
SÌH 
SiH, 
SÌH, 
SiH« 
Si, H. 
G.(.) 
Ce 
Gè, 
G«, 
G«4 
CeH4 
SD(I) 
Su 
HS 
H,S 
A.S 
GaS 
G^S(.) 
G»,S 
Se 
Se, 
HSe 
H,Se 
A.S« 
GaSe 
Ga,Se 
Te 
Te, 
HTe 
HaTe 
AaTe 
GaTe 
G«,T· 
0. 
327.4 
U7.ei 
288.3 
169.0 
130.7 
12S.0 
0. 
450.9 
377. 
245.4 
209.4 
30.1 
Í0.3 
0. 
376.6 
473.13 
472.58 
476.89 
90.8 
18.5 
321.8 
138.9 
-20.5 
203. 
236. 
-252.7 
21. 
235.4 
139.3 
143.5 
29.3 
207. 
150. 
96. 
211.7 
160.4 
150. 
99.6 
229. 
170. 
152. 
9.54 
136.17 
148.55 
243.8 
193.09 
160.9 
191.5 
18.82 
167.87 
197.9 
207.4 
216.4 
204.1 
272.66 
31.1 
167.8 
252.8 
285.0 
329.8 
217.2 
89.9 
200.8 
195.6 
205.6 
232.2 
245.7 
100.4 
290. 
176.6 
243.5 
206.7 
218.8 
247.7 
267.9 
315.5 
182.6 
258.9 
212.5 
228.9 
255.6 
266.1 
327. 
21.926 
20.938 
20.786 
29.322 
25.315 
20.786 
20.786 
22.821 
20.184 
23.140 
22.992 
23.407 
23.974 
80.79 
28.062 
30.732 
1
 35.146 
58.576 
» 79.496 
62.551 
9
 28.660 
* 52.957 
28.995 
25.112 
34.949 
» 37.392 
• 77.8 
56.003 
21.464 
44.601 
T
 29.414 
31.757 
35.271 
• 37.392 
58.110 
19.414 
34.644 
» 29.832 
35.480 
36.392 
37.392 
Τ < 800 К 56.587 
Τ > 800 К 58.614 
3.729 
-0.226 
, 
-0.197 
15.230 
, 
3.859 
0.546 
14.713 
56.560 
65.329 
88.074 
-7.798 
1.258 
3.347 
22.092 
, 
-16.882 
3.598 
25.846 
1.636 
0.011 
1.151 
1.506 
-2.657 
3.598 
14.644 
1.556 
0.011 
0.007 
1.841 
6.615 
3.598 
12.050 
0.711 
0.011 
-0.910 
-0.436 
-6.053 
-0.097 
2.479 
0.080 
-3.535 
1.777 
2.617 
•2.584 
-2.091 
-4.684 
-2.626 
. 
-21.631 
-56.053 
2.008 
1.626 
0.820 
-9.247 
•0.921 
•2.502 
2.008 
-1.297 
0.820 
-2.863 
0.753 
-0.255 
2.008 
-3.096 
0.820 
•2.036 
-3.069 
2.268 
0.077 
0.044 
-4.847 
0.126 
-4.124 
-22.473 
-20.685 
-27.031 
. 
, 
, 
. 
2.747 
-5.574 
. 
. 
. 
, 
0.023 
. 
. 
. 
0.505 
0.125 
4 
4 
4) 
43] 
*] 
44| 
І«]Ь 
4 
4 
4] 
42 
42 
Μ [45| 
[43,4β| 
46 
45 
45 
45 
5|Ь 
44 
44 
9] 
9] 
9| 
» 
9 
9 
9 
9 
9 
9 
9 
9 
9 
»Ι 
9| 
9| 
»Ι 
λ
Η·«Ι capacitf «tbmatad. Afraaa with rafiranea at 300 К 
sH«ak capacity aallmatad bf analoffy *tth th« vmhia· for Sbt In (Б ,44] 
'ПаГагапеа ttmparatura U 700 К 
4Rafannca tatnparalur· la 1000 К 
»Eetimatad (aaa tasi) 
'Haat capacity taiimatad 
TEnlropjr and haat capacity aatimatad (ia· tart) 
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Table Θ.3. List of less important species that were nevertheless considered in the 
equilibrium calculations with dopant; all species gaseous unless designated (s) for 
solid or (1) for liquid 
в.(і) M 
Mg(.,i) M 
Zn(.,l) и 
Cd(.,l) [S]b 
Si(l) [4) 
G«(l) |4β| 
Sn(white) \U] 
S(.,l,g) 4] 
S. 4β| 
АиЗэ(·,!) 5ІЬ 
S«(.,l) 9 
S«T 9 
C S « , ! · ) [5]Ь,[в] 
T.(..l) [5,91 
ΜιΗ,Μ 
Ζ
η
Α^(. ) 
41 
47| 
Cd,A»,(.) |5]Ь 
Si, 
S, 
ST 
G«S(·) 
Ses 
Se. 
АиТі,(.Д) 
4| 
41 
4| 
9| 
9 
9 
5]b,[9| 
гя,А»і{,).)[В\Ъ 
Si, 
s, 
s. 
Ga,S,(.) 
S.4 
Arö.(·) 
G»T.(.) 
|4l 
48] 
4| 
5]b,|9] 
I» 
[9 
(5|b,[43,9| 
programme determines the equilibrium composition of the system. 
6.3. Definition of the systems 
Basically all the systems in this paper have the same setup. The reactants 
are arsine (АзНз), trimethyl gallium (TMG) and the carrier gas hydrogen, in the 
ratios used in our experiments. For convenience the total amount was chosen to 
be 1 mol and the total pressure 1 bar. The growth mixture contains: 0,9874 mol 
Нз, 0,0120 mol AsHg and 0,0006 mol TMG. 
In thermodynamic databooks (e.g. refs. [4,5]) and articles [6,7], one can find 
a thousand and one compounds that may be formed from the elements Ga, As, 
С and Ή. But under growth conditions several of them will have an insignificant 
partial pressure. Also it is generally acknowledged that carbides are extremely 
difficult to form. So the number of compounds to be involved in the calculations 
could be reduced as follows: 
- species showing very low partial pressures in preliminary equilibrium calculations 
(partial pressures smaller than І Х І 0 - 2 0 bar at 1000 K) are ignored (e.g. C(g), 
C2(g), C3(g), CH(g), C2H(g)). 
- carbides were not taken into account. 
Table 6.1 lists the compounds and their thermodynamic data which were 
S« [48] S, [4β| 
HaS, [49| A U S Î M \5\Ъ,\9] 
G ^ S , |9) 
Se. [9] Se, [9] 
Ан8«зМІКІЬ,[9І G»S.(.) [5|Ь,|9| 
Оа,Тез(·) [5]Ъ,[43) 
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considered in all our calculations. It should be noted that condensed compounds 
of Ga and/or As are not considered here (e.g. GaAs(s)). This was done in order 
to enhance the partial pressures of both Ga and As species in the gas phase. In 
this way a possible formation of, e.g., dopant arsenides is exaggerated. 
For the equilibrium calculations including a dopant compound, the system 
described above was extended with the precursor of the dopant. With the aim 
of our study in mind, all possible compotmds of the dopant, now also including 
the condensed species possible, have been taken into account (except carbides). 
Tables 6.2 and 6.3 list the compounds that were added to the 'basic system' of 
table 6.1 in the respective dopant systems. Table 6.2 gives the thermodynamic 
data of the condensed compounds formed in equilibrium, plus the formed gaseous 
compounds with a partial pressure higher than 1 χ I O - 2 0 bar in equilibrium. 
6.4. Results 
In the system without dopant the equilibrium calculations have been carried 
out with the temperature as a variable, taking into account the (gaseous!) species 
listed in table 6.1. The partial pressures as a function of temperature are given 
in fig. 6.1. From this figure it follows that AS4 is the most important arsenic 
containing compound, for gallium it is monomethyl gallium and for carbon CH4. 
(As it does not appear in the figure: H 2 has a constant partial pressure of almost 
1 bar.) 
In the equilibrium calculations including a dopant, the dopant concentration 
in the system was varied, while the temperature was fixed at 1000 K. The dopant 
variation covers the ranges described in the literature. In the following the results 
of equilibrium calculations with ten dopants are presented. Dopants are arranged 
according to their group in the Periodic System. Figs. 6.2 to 6.4 correspond 
to the equilibrium calculations for the group Π, group Г and group VI dopants 
respectively. For simplicity, only the partial pressures of the compounds with the 
dopant element are given. Unless stated otherwise, the Ga-As-C-H compounds 
have almost the same partial pressures in the systems with dopant, as already 
represented by fig. 6.1 (at 1000 K). 
Θ.4.Ι. Group П а e l e m e n t s (Be and M g ) 
For the doping of gallium arsenide with beryllium, the precursor diethyl beryl­
lium (DEBe) is used. For magnesium the precursor is bis cyclo pentadienyl mag­
nesium (CpaMg). The results of the calculations are given in fig. 6.2. 
Be(g) has a constant partial pressure of 3 . 2 Х І 0 - 1 1 bar. The rest of the 
added beryllium is present as solid beryllium. Therefore clustering of beryllium 
will occur whenever the partial pressure of DEBe is larger them 3 . 2 Х І 0 - 1 1 bar. 
For this reason beryllium must be considered a hazardous dopant. 
Another effect, coupled to the supply of DEBe to the system, is that more 
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1) HG0CH3 
« A s H , 
JiHjCaCHj 
β) As 
G O C H J C H J 
" в)НА9СНз 
H G O C H J C H J 
GojH, 
800 900 1000 
Temperature (K) 
Fig.6.1 Partial pres­
surée of all the Ga-
Aa-C-H species consid-
ered in the equilib-
rium calculations for 
the doping of GaAe, as 
a function of the tem-
perature. The forma-
tion of solid GaAs has 
been prohibited in or-
der to exaggerate the 
vapour pressures of all 
the As and Ga com-
pounds. 
carbon is introduced. This only becomes significant for an input DEBe of more 
than I x l O - 5 mol (10 ppm). But even the addition of I x l O - 4 mol DEBe changes 
the partial pressures compared to fig. 6.1 (1000 K) only marginally, while the 
partial pressures of arsenic compounds are not influenced at all. 
From fig. 6.2 it appears that, in contrast to beryllium, all magnesium stays 
in the gas phase. The most important species is Mg(g), the partial pressure 
depends linearly on the input amount of CpiMg. This last compound introduces 
also carbon to the system. This influences the partial pressures of CH3/CH4 
compared to fig. 6.1 with +70% (at an input of I x l O - 4 mol Cp2Mg). The partial 
pressures of the other C-containing compounds are still marginally influenced. 
The absence of the formation of solid compounds in the case of magnesium 
leads to the conclusion that it is a good dopant from a thermodynamic point of 
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-4 
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Cd 
Fig.6.2. Partial pressures of the species 
containing group IIa and lib dopant el­
ements, as a function of the input frac­
tion of their respective precursor. Solid 
beryllium is formed. 
view. Whether it is actually a good dopant will depend on its solubility in the 
semiconductor i.e. on its distribution coefficient. 
6.4.2. Group ПЬ elements (Zn and Cd) 
Diethyl zinc (DEZn) was used as the precursor of zinc, while elemental Cd(g) 
was used as the input for cadmium, in the respective equilibrium calculations. 
Again fig. 6.2 gives the results for the calculations. 
With the given data, the partial pressure of Zn(g) increases linearly with the 
input amount of DEZn. lYom this behaviour we consider zinc a good dopant 
candidate. 
One reservation has to be made. In tables 6.2 and 6.3 it can be seen that 
the thermodynamic data of only a few zinc compounds are known. So the results 
should be considered with the necessary care. The practice of Zn-doping is not in 
conflict with these thermodynamic calculations, however. 
The partial pressures of C-containing compounds are hardly influenced by the 
addition of extra carbon through DEZn. The same holds for the other compounds. 
The equilibrium calculations with cadmium as a dopant also had to be per­
formed with a restricted number of compounds because no more thermodynamic 
data are available. They show that all cadmium will be present in the gas phase. 
In as far as these calculations permit a conclusion, cadmium must be considered 
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Fig.6.3. Partial pressurée of the species 
containing group IVa dopant elements, 
as a function of the input fraction of 
their respective precursor. Solid germa-
nium and liquid tin are present over the 
entire dopant range. Solid silicon will 
form above 6.3X10 mole fraction in-
put SiH4. 
as a good dopant in the sense of thermodynamics. 
Θ.4.3. Group Г а e l e m e n t s (Si, G e and S n ) 
The precursors for doping of GaAs with silicon, germanium or tin have been 
taken to be SÌH4, С е Щ and tetramethyl tin (TMSn) respectively. In fig. 6.3 the 
partiell pressures of the resulting gas phase species are represented. 
For the gaseous silicon compounds at an input of 6 . 3 Х І 0 - 7 mol (0.63 ppm) 
SÍH4, the sudden change of slope indicates the formation of solid silicon. This 
results in an upper limit of the partial pressures of silicon containing species. On 
the left side of fig. 6.3 we see a one-to-one relationship of input and equilibrium 
value of SÍH4; therefore we consider silicon a good dopant in this range. On the 
right, at amounts larger than 6 . 3 Х І 0 - 7 mol, we expect problems: nucleation of 
silicon in the gas phase and clustering of silicon in the crystal. 
It is shown in a separate paper that silicon precipitates do exist in MOCVD 
grown layers [8]. The critical point of the SÍH4 input mole fraction is approxi-
mately 1 ppm, showing accordance with this calculation. 
The gaseous germanium compounds have a constant partial pressure over the 
entire range. Most abundant is GeH4 (g) with a partial pressure of 5.6x 1 0 - 1 0 bar, 
the rest of the added germanium has reacted to form solid germanium. From this 
we conclude that germanium is a hazardous dopant. It will give rise to clusters 
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in the crystal. 
For tin, Sn(g) is always present with a partial pressure of 7.3 Х І 0 - 1 1 bar. 
The rest of the added tin is found as liquid tin. This leads to the same conclusion 
as for germanium: it is a hazardous dopant. By adding TMSn to the system, 
extra carbon is introduced. This hardly influences the partial pressures of the 
C-containing compounds. 
6.4.4. Group Via e l e m e n t s (S, S e and Te) 
The equilibrium calculations with group Via elements were performed with 
H2S, НгЗе or diethyl tellurium (DETe) as the precursors. In order to be able to 
compare the behaviour of the elements, the three sets have been made as symmet­
rical as possible for the important species. Because of the lack of thermodynamic 
data (parts of) the data of the next compounds were estimated: GaS(g), GaSe(g), 
HSe(g) and HTe(g). 
The AH ι for GaS(g) was taken to be exactly in between the values for AlS(g) 
and InS(g) [9]. For the standard entropies of both GaS(g) and GaSe(g), the 
horizontal and vertical trends of the entropy in a network of the nine compounds 
A1X, GaX and InX (X=S, Se, Te) were evaluated. In this network only the 
entropies of GaS(g) and GaSe(g) are unknown [9]. The calculated values agree in 
both directions. 
The AHj of GaSe(g) was estimated on basis of the known value for GaTe(g) 
and the differences between the known values of the AHJ of B, Al and In selenides 
and tellurides [9]. 
The heat capacity functions of GaS(g) and GaSe(g) were taken to be the 
same as for GaTe(g). 
The standard entropies of HSe(g) and HTe(g) were based on the value for 
HS(g). In a first approximation the total entropy of a particle H-X is deter­
mined by the contribution of the translation entropy, which is proportional to 
3/2RlnMtotai· This relation was used in finding the desired entropies. 
For the estimation AHj of HTe the known values for HS(g), HSe(g) and 
HaXfg) were extrapolated. 
The heat capacity functions of HSe(g) and HTe(g) were based on the function 
for HS(g) given in literature. The constant 'a ' in the expansion for the heat 
capacity was increased with 0.4 and 0.8 J/molK, respectively. 
Fig. 6.4 gives the resulting partial pressures of the equilibrium calculations. 
The behaviour of the three elements is identical. The most abundant species is 
Ga2X(g). The amount of these compounds in equilibrium is the same as the input 
of the dopant element. This leads to the conclusion that S, Se and Te are good 
dopants from a thermodynamic point of view. On basis of our calculations other 
solid compounds, e.g., GaX(s), G32X3(3) or Ga4S¿(s) are not formed within the 
range of concentrations used for the dopants. 
One remark should be made. In the above given calculations the solids Ga^S, 
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Fig.6.4. Partial preeeuree of the species 
containing group Via dopant elements, 
as a function of the input fraction of 
their respective precursor. Solid com­
pounds may be formed at high input 
concentrations (see text). 
Ga^Se and Gas Те have not been included. The reason is that only for Ga^S and 
GajSe the AH? and entropy values are known [9). Nothing is known about the 
heat capacities. If we use an estimated value for the heat capacity (see table 6.2), 
precipitation of Ga2S(s) will occur for input mole fractions of H2S larger than 
І Х І 0 - 5 . This indicates that doping with sulphur in the high doping range might 
lead to precipitation of Ga^S. A similar behaviour may be expected for Ga^Se 
and Gag Te, but the lack of thermodynamic data prevents hard conclusions. 
6.4.5. The effect of oxygen 
Addition of 1 χ 1 0 - β mol (1 ppm) of water, as the oxygen source, to the sys­
tems with dopant does not change the conclusions except in one case. With mag­
nesium we expect the formation of solid MgO. A very small fraction of the added 
magnesium will be present in the gas phase, until all the oxygen is consumed. 
Above an input of I x l O - 6 mol CpaMg, however, the surplus of magnesium is 
present in the gas phase as Mg(g) and MgH(g). 
6.5. Discussion 
6.5.1. Chemical interaction between growth species and dopants 
In our equilibrium calculations the formation of solid GaAs was excluded. 
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This was done in order to exaggerate the partial pressures of the gallium and 
arsenic growth species, stimulating in this way the formation of gallium or arsenic 
dopant compounds. Only in the group Via systems have high partial pressures 
of gaseous species with gallium been found: Ga2S(g), Ga2Se(g) and Ga2Te(g). 
The formation of the solid compounds from these species is likely to occur, but 
because of a lack of thermodynamic data for these solid species, we cannot confirm 
this statement. In the actual growth situation the partial pressure of As ала Ga 
will be lower than assumed in our calculations. The implication is that also the 
partial pressures of the gaseous species Ga3S(g), Ga2Se(g) and Ga2Te(g) will be 
smaller and that in practice the formation of solid compounds is more difficult. 
There may still be one exception, viz. when in addition to the condition that 
no solid GaAs is formed, also the formation of the agglomerates As2 and AS4 is 
forbidden. In that case solid zinc arsenide ZnAs2 (s) will be formed above an input 
of I x H T 8 mol DEZ. 
The formation of Asa and AS4 during MOCVD is under debate, especially 
since these species have not been observed by m situ analysis. The formation 
of Asa and AS4 during MOCVD may be kinetically hindered, e.g. because of a 
low collision chance or a high activation energy. If these species are absent the 
pressure of mono atomic arsenic will rise considerably in the calculations. Under 
these circumstances the above calculations predict the formation of solid ZnAsg. 
In practice the complete absence of As? and AS4 is a rather extreme situation, 
which may not easily occur. 
The conclusion is that only the group VI donors give rise to chemical inter­
action with the gallium growth species, the other dopants from groups Π and IV 
have no significant interaction with the arsenic or gallium growth species, these 
latter systems may be called chemically uncoupled. 
For a more realistic treatment, we abo should include all the possible solid 
solutions of Ga, As and the dopants. But in that case one would have to know 
the thermodynamic data for all the solid solutions which at this moment are still 
unknown. 
Θ.5.2. Comparison with experiments 
6.5.2.1. Group II elements Be, Mg, Zn and Cd 
The incorporation of these dopants as a function of input mole fraction of 
the dopant precursor have been studied by several groups [10-17]. 
The useful dopant range in terms of input values, agrees with our calcula­
tions for the dopants Zn, Mg and Cd. Experimentally some saturation may occur 
at high input values in the case of Zn [17]. From the discussion in the previous 
subsection it is suggested that this may point to the formation of ZnAs2. But 
in general it can be said that for the gaseous input pressures used in our calcu­
lations these elements do not show saturation which is in accordance with our 
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thermodynamic calculations. The relation between the input concentration of the 
dopant and the corresponding calculated gas phase concentration is linear for all 
these dopants. This relationship in principle can be compared with the correla­
tion between the experimentally determined carrier concentration and the input 
concentration of the dopant, which often is expressed by a slope in a log-log plot. 
This slope equals one in most experiments, but slopes not equal to one are also 
found. An explanation for the difference in these slopes is beyond the scope of 
this paper, for details, see ref. [18]. 
In the case of beryllium the reports are in conflict with our calculated results. 
Some authors have found that a carrier concentration higher than 5x l0 1 8 c m - 3 
can be obtained, without saturation [10,11]. Because the thermodynamic data 
for Be are quite reliable, we assume that the observed discrepancy is due to 
kinetic limitations during the growth of the layers so that in the case of Be no 
thermodynamic equilibrium is achieved. 
6.5.2.2. Group IV elements Si, Ge and Sn 
The incorporation of silicon is studied by our group, but also by талу others 
[8,19-22]. All studies confirm that silicon is a good dopant up to lxlO~ e input 
mole fraction of silane, above this value saturation occurs. Experiments in our 
laboratory have revealed the presence of segregation in this case. This all points 
to the formation of solid silicon as predicted in the equilibrium calculations. The 
observed electrical saturation for input pressures larger than 1 0 - e bar SiH4 also 
is accompanied by a decrease in mobilities and an increase in compensation ratio. 
This also indicates that the solubility limit of silicon is reached. 
Less work has been done on the doping with germanium and tin [23-26]. 
Saturations in the carrier concentrations are found and this is in agreement with 
the calculations. However, the reported saturation points lay much higher than we 
have calculated. As also in this case the thermodynamic data are quite reliable, 
we expect that the effect of dopant trapping during growth, meaning that the 
dopant atoms are kinetically hindered to form dopant clusters, plays a role for 
these species. 
6.5.2.3. Group VI elements S, Se and Te 
Doping experiments with HgS as precursor confirm that the useful range of 
doping is indeed limited to values up to І Х І 0 - 6 mole fraction HaS. Above this 
value electrical saturation occurs. There are no direct studies of the formation of 
a second phase in this regime, although Giling et al.[27] has shown the presence 
of micro precipitates for heavily doped S : GaAs. 
Studies on Se : GaAs and Te : GaAs are rather scarce [23,28,29]. Formation 
of precipitates is not found in the doping range they used. This agrees with the 
equilibrium calculations. 
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6.5.3. MOCVD versus MBE 
It should be stressed that the conclusions of this paper are only valid when 
equilibrium situations are established. In an MOCVD reactor, this requirement 
may only partly be fulfilled. This amongst others depends on the reactor geome­
try. In our laboratory, we use a reactor with a rather long susceptor so that well 
defined flow and temperature profiles are realized [30,31]. We believe that (near) 
equilibrium situations are realized in this reactor as is shown in a forthcoming par 
per [8] where Si-doping of GaAs resulted in good agreement with the equilibrium 
predictions. This reactor geometry is in contrast with the so-called 'Bass' reactor 
cell, which is so short that flow and temperature profiles are not fully developed. 
In such reactors near-equilibrium situations are difficult to establish, so that the 
chemistry will be dominated by kinetics. In the case of МВБ, molecules of growth 
species as well as doping elements are physically bombarded onto the substrate 
and kineticly incorporated in the growing crystal (trapped). Typical growth tem­
peratures in MBE are lower than in the case of MOCVD. This implies that no 
thermodynamic equilibrium will be reached in МВБ and that the incorporation 
process is dominated by kinetics. In that case our calculations are not valid. This 
is nicely demonstrated by the extensive use of beryllium as p-type dopant in МВБ. 
In this system beryllium is even regarded as an ideal dopant [10,11,32]. This is 
entirely due to the fact that beryllium is trapped during growth. In МВБ the 
temperatures are so low that no Be-cluster formation can occur by diffusion of Be 
in the solid. During LPS growth, beryllium precipitation has been reported [33], 
in agreement with the equilibrium calculations. 
Θ.5.4. Practical implications 
The choice of a good dopant can didate depends, amongst others, on the 
possible range of doping, the value of the distribution coefficient, the presence of 
memory effects, low diffusion coefficients in the solid, ease of handling, uniformity 
and compensation ratio. 
From the group Π dopants, Mg, Zn and Cd can be used according to our 
calculations. In practice Mg has been used successfully [12,13,34]. But the real­
ization of sharp doping profile and high doping levels (larger than 1χ10 1 β c m - 3 ) 
remains unclear [14,35]. Zinc has been widely used despite the fact that it is com­
monly regarded as a fast diffusing element and also has a large memory effect. 
Recent studies [35,36] have shown that the behaviour of zinc is strongly influenced 
by the experimental conditions. A sharp doping profile can be achieved if certain 
conditions are carefully maintained, e.g. low pressure in the dopant lines. Little 
work has been done on cadmium doping of GaAs. Cadmium doping was reported 
with degradation of the layer morphology for low pressure growth of InP [37]. 
From above the best choice seems to be Mg and Zn. Further work should be 
done for Cd to check its usefulness. 
For the η-type dopants, silicon is widely used. Still, a serious disadvantage is 
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the high compensation ratio caused by its amphoteric character. A better choice 
seems to be the group VI elements. 
The value of the distribution coefficient will determine whether the above 
mentioned candidates really will behave as good dopants. Due to the lack of data 
on this subject and because this subject is out of the scope of this paper, the effect 
of solubility is not discussed further. 
6.6. Conclusions 
Because of their tendency to form condensed compounds we conclude from 
the equilibrium calculations that the following elements are hazardous dopants 
when used in M O C V D of GaAs: Be, Ge, and Sn. Good candidates for p-type 
doping are Mg, Zn and Cd. Good candidates for η-type doping are Si, S, Se 
and Te, although care must be taken in the high doping ranges because of the 
formation of a solid compound. 
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Chapter 7 
Si-doping of MOCVD GaAs: closer 
analysis of the incorporation process 
Doping studies have been carried out as a function of silane input fraction 
over the entire dopant range of silicon in GaAs. In the lower dopant region where 
the incorporation varies linearly with the silane input mole fraction, the com-
pensation ratio N^/Np appears to have a constant value of 0.3. In this region 
the incorporation also is orientation dependent. For SÌH4 input mole fractions 
higher than 1χ10~β the electron concentration does not change noticeably, how­
ever the compensation ratio rises from 0.3 to 0.7. Simultaneously precipitates 
are observed in the grown layer. From gas phase equilibrium calculations such 
silicon precipitation is predicted to take place at these higher input pressures of 
SÌH4. As regards the incorporation rate of Si itself, analysis of the doping results 
reveals that, when corrections are made for differences in GaAs growth rate and 
small differences in growth temperature, a constant deposition of silicon along the 
MOCVD reactor is obtained. The absence of depletion effects and the observed 
temperature dependence imply that the limiting step for the Si incorporation is 
the decomposition of the SÌH4 which happens very close to the hot surface of the 
GaAs substrate. 
X. Tang, H.G.M. Lochs, P.R. Hageman, 
M.H.J.M. de Croon, L.J. Giling and A.J. Bons 
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7.1. Introduction 
Metalorganic chemical vapour deposition (MOCVD) now has become a stan­
dard and versatile technique with a proved capability to grow many sophisticated 
structures such as superlattices, lasers and tandem solar cells. For most device 
applications, a good control of the doping process is necessary, including control 
of doping level, uniformity and doping profile. Up to now, no single dopant seems 
to be able to fulfill all the requirements such as wide doping range, easy control 
of uniformity, easy to handle, negligible memory effect, low diffusion coefficient, 
and so on. As an η-type dopant, silicon is widely used for GaAs. For a long 
time, silane (SiH4) has been used as the doping source. One of the dominant 
problems inherent with this dopant is a strong temperature dependence which 
makes uniform doping difficult for reactors where the temperature differs over 
the susceptor. When silane is replaced by disilane, the incorporation process ap­
peared to be independent of growth temperature [1,2]. However, recent analysis 
has revealed that actually disilane should make no difference when compared with 
silane, except when lower pressures are used or when the flow and temperature 
profiles of the incoming gas are undeveloped [3,4]. Another well recognized ef­
fect is the compensation which can occur with silicon. In literature, for low and 
moderate Si concentrations, this problem is more or less ignored and it is as­
sumed that silicon is incorporated as a donor [5,6]. In the present report, the 
compensation effect is studied over the entire dopant range. Another subject 
which has not received much attention is the formation of Si precipitates in the 
GaAs lattice what occurs at the highest doping levels. This effect has been stud­
ied using interference-contrast microscopy, photoluminescence and transmission 
electron microscopy (ТЕМ), assisted by thermodynamic calculations. 
In our long horizontal MOCVD reactor, which enables us to grow with well 
established flow and temperature profiles, it should in principle abo be possible 
to reveal more about the details of the Si incorporation. Therefore the study is 
elaborated by examining the Si incorporation on various crystallographic orienta­
tions. 
7.2. Experimental 
The doping experiments were carried out at atmospheric pressure using 
trimethylgallium (TMG) and arsine (A3H3) as source materials while 100 ppm 
silane (SÌH4) in H2 was employed as dopant source. A horizontal reactor is used 
with a rectangular cross-section. The reactor is resistance heated at the bottom 
and water cooled on the top so that a known temperature profile is established. 
A long entrance length is used to ensure stabilization of both temperature and 
velocity profiles of the incoming gas mixture ( for details, see ref.[7]). The arsine 
was passed through a molecular sieve before mixing with the carrier gas (H2) in 
order to minimize the moisture level [8]. The ratio between AsHa and TMG ( /ПІ 
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ratio) was 20. The growth temperature was measured at the GaAs substrate sur­
face with a calibrated optical pyrometer. It was kept constant at 700±5 0 C for 
all the present MOCVD experiments except during the temperature series which 
was used to determine the activation energy of the Si incorporation. The GaAs 
substrates obtained from MCP (UK) were Cr-doped semi-insulating, horizontal 
Bridgman grown, and chemo-mechanically polished on one face. Typical etch pit 
densities were below 5000/cm2. The substrate orientations were (100)2° off to­
wards (110), (110), (l l l)Ga, (lll)As, (100)4° off towards (110), and (100). The 
(100)2°(110) substrate is widely used because it is known to give the best mor­
phology. Also in our experiments this orientation was mainly used. The other 
orientations (110), (l l l)Ga, and (lll)As have been employed in order to study 
the orientation dependence of the Si incorporation process. However it appeared 
that under our experimental conditions, the growth on the exact (111) As substrate 
always resulted in a rough surface with correspondingly unreliable Hall mobilities. 
Therefore these results had to be discarded. The orientations (100)4°(110) and 
(100) specifically have been used for studying the Si precipitation. 
The morphology after growth was observed with an interference-contrast mi­
croscope. The thickness of the grown layer was measured by cleaving and staining. 
The electrical characterization was performed by Hall-Van der Pauw measure­
ments using a clover-leaf configuration. Photoluminescence measurements were 
done at 4.2 К with an Ar+ -laser (514.5 nm) and a double-monochromator fitted 
with an Sl-photomultiplier. ТЕМ measurements were performed to examine the 
precipitates in the epitaxial layers. All ТЕМ samples have been thinned by me­
chanical polishing followed by ion beam milling using Ar+ ions. The samples were 
studied in a Philips EM400T ТЕМ operating at 120 kV. 
7.3. Results and discussion 
7.3.1. Electrical evaluations 
In fig.7.1 the net carrier concentrations η (Nj-N^ ) as a function of the input 
mole fraction of SÌH4 axe given for three substrate orientations, viz. (100)2°(110), 
and the exact orientations (l l l)Ga and the (110). Below a silane mole fraction 
of 10~e, a linear relationship is found for all three substrate orientations. Above 
this value saturation of the carrier concentration occurs. This is in accordance 
with literature [9-11]. As is evident from fig. 7.1 the difference in incorporation 
on the various substrate orientations is especially clear in the lower dopant re-
gions. The efficiency of the incorporation increases in the order (100)2°(110)> 
(l l l)Ga > (110). This is in agreement with the results of Veuhoff et al. [2] on 
the Si-doping studies of the (lll)As, (100) and (l l l)Ga orientations. Veuhoff et 
al. explained the difference on the (lll)Ga and (lll)As surfaces by assuming 
that on an ideal ( l l l )Ga surface all the dangling bonds are empty, whereas on 
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Fig.7.1. Net carrier con­
centration η = N J - N ^ ver­
sus the input mole fraction 
of silane for three different 
substrate orientations. TQ 
= 700oG, /Ш = 20. 
the ( l l l ) A s surface each arsenic surface atom possesses a dangling bond filled 
with a pair of electrons. Because of this difference, adsorption of SiH
x
 (x< 3) 
radicals should be favoured on the ( l l l )As surface. No explanation was given 
in that study for the behaviour of the (100) surface. A similar trend is also 
found by Nakanisi [12] in intentionally undoped GaAs grown by MOCVD where 
the background impurity concentration for five used orientations increases in the 
order (311)B > (100) > ( l l l ) A > (311)A > (110). Nakanisi did not give an 
explanation for the incorporation differences however. A few orientation depen­
dent studies have been made on Si-doped GaAs grown by MBE [13-15]. In 
these studies the observed differences on A ( (211)A, (311)A, (51l)A, (71l)A ) 
and B( (211)B, (31l)B, (511)B, (71l)B ) polar faces were explained by the as­
sumption of the coexistence of a single- and double-dangling bonds from the (111) 
faces and the (100) face respectively where the bonding between the adatom and 
the substrate is stronger at the double-dangling bond site than that at the single-
dangling bond site. With this assumption they could explain the tendency of the 
A and В polar faces to be doped as p-type and η-type respectively. 
The linear relation between carrier concentration and the silane input concen­
tration, as observed in the lower dopant region, points to a first order reaction as 
the rate limiting step. The most likely process is subsurface trapping of the incor­
porated dopant, thereby breaking the exchange between adsorbed dopant atoms 
and neutral donors in the solid. This will occur whenever the vertical growth rate 
(G) is faster than the diffusing rate of subsurface Sia
a
 to the surface (D), the 
actual condition being G > D/b where b is of the order of the lattice constant. 
This automatically means that the ionization of the dopant cannot reflect itself 
in the slope of the curve. It must be remembered that when a full equilibrium 
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for the dopant system is present, a slope 1/2 in the figure would be expected. 
Instead of subsurface trapping, trapping of the adsorbed dopant atoms by the 
moving steps can be the limiting factor. That step trapping at least partially is 
active is illustrated in fig.7.2 where a comparison is given of the Si incorporation 
on (100) orientations with respectively 0°, 2° and 4° of misorientation. Although 
on the exact (100) surface two-dimensional nucleation is possible, which will in­
troduce extra steps on the surface, we can still assume that the number of steps 
will increase with an increase in the degree of misorientation. When the growth 
rate is the same for all these three orientations, which is found experimentally, 
the step velocity should decrease with an increase in misorientation. As a conse­
quence the effect of step trapping will be more effective for samples that are less 
misoriented, as is observed (fig.7.2). It must be remarked here that also the total 
amount of incorporated silicon (i.e. SicH- S i ^ ) shows the same dependence on 
misorientation so that the effect as given in fig.7.2 is not influenced by a possible 
change in compensation. 
The room temperature Hall mobilities as a function of carrier concentrar 
tion are given in fig.7.3. No difference is found between the layers grown on 
the (100)20(110) and ( l l l ) G a orientations. Above carrier concentrations of 
3 x l 0 1 8 c m - 3 , the mobility values clearly diverge however from the theoretical 
N ^ / N ¿ = 0 . 3 curve. The layers grown on the (110) orientation have overall lower 
mobility values as compared with the layers grown on the other two orientations. 
Because Si is a group IV element, a Si atom may be incorporated at a Ga 
site which gives rise to a donor, or be incorporated at an As site which gives 
rise to an acceptor, so that this amphoteric behavior leads to compensation. The 
compensation ratio which is defined as N ^ / N p can be calculated from the mea-
surements of carrier concentration and mobility [16,17]. It should be pointed out 
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that the calculations in refs.[16,17] are based on dilute solid solutions so that our 
calculated values above a carrier concentration of 3xl0 1 8 cm - 3 should be treated 
with some care. The calculated results of N^/Np are given in fig.7.4. For SÌH4 
mole fractions below 3x10"7, the compensation ratio has a nearly constant value 
of 0.3 for the (100)2o(110) and (l l l)Ga orientations. For the (110) orientation, 
however, the compensation ratio starts at a value 0.6 for low Psitf* > decreasing 
to the value 0.3 for PsiHt « 3xl0~7. The rather high overall compensation is 
in contrast with other reports where the compensation ratio is found to be very 
low [18] or assumed to be zero [5,6]. We have checked whether the high Six, 
concentration could be due to a low effective /ПІ ratio during growth. This 
possibility exists in our reactor, because, despite the high V/III ratio used in our 
experiments, during growth an arsenic deposit is formed at the cooled top wall 
of the reactor thereby lowering the effective /ПІ ratio. Removing of the top 
cooling, whereby also the arsenic deposition was avoided, resulted in the same 
compensation ratios, however. 
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For carrier concentrations larger than 3xl0 1 8 cm~ 3 (РЗІЯ« > Ю - 6 ) all com­
pensation ratios rise from the value 0.3 to 0.7 at Psitf« = 6xl0~ e . This means 
that at higher silicon concentrations more Si atoms are incorporated at As-sites. 
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The relatively high compensation of 0.3 found in this study in the lower 
dopant regions may be due to a difference in growth conditions. We are growing 
layers in the region where the gas flow and the temperature profiles are fully devel­
oped and stabilized, whereas most experiments which are mentioned in literature 
have been performed with a very short susceptor which is placed in the region 
where both gas flow and temperature profiles still have to develop. The conse­
quences are that in our reactor surface equilibrium processes can get a chance to 
adjust, this in contrary to the short cells where kinetics will prevail. The existence 
of silicon on As-sites could be proved by the presence of a Si^.-peak in photolumi­
nescence spectra. Our PL spectra clearly reveal a (e,A0) transition, in which Si А в 
as an acceptor is involved, when η is larger than 2 x l 0 1 7 c m - 3 (fig.7.5). Below 
this value the Six, peak may still be present, but is difficult to resolve due to the 
overlap with a CA, peak. The fact that Si acts as an acceptor in GaAs is not 
a new phenomenon. Under LPE conditions, it is known that even p-type GaAs 
can be obtained by adding Si to the Ga melt [19]. Also under МВБ conditions, 
p-type GaAs can be grown on certain substrate orientations [13,14]. A detailed 
analysis of the compensation effect based on a step incorporation mechanism will 
be given in a separate paper [20]. 
The total carrier concentration ( N j + N ^ ) can be calculated based on the net 
carrier concentration and the mobility values. The calculated N¿-(-N^ value is 
equal to the total number of incorporated Si atoms if the Si atoms are exclusively 
incorporated at lattice sites and completely ionized. This is not true when certain 
Si complexes, e.g. [8ісг
а
- са], ^ 6 formed as is characterized by infrared local 
vibrational mode (LVM) absorption [21]. However this [Siaa-Vaa] complex was 
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not observed for a sample doped up to l x l 0 1 8 c m - 3 so that our assumption is 
quite probable. In fig.7.6 the N ^ + N ^ values are given versus the input of silane 
for the three orientations. They again show the earlier observed systematic trend 
(100)2o(110)> ( l l l ) G a > (110), despite the difference in mobilities found for 
these orientations. The G a As growth rate was found to be constant for all the 
orientations studied, so that its influence on the Si incorporation can be excluded. 
The difference in the total amount of Si found in various substrate orientations 
must originate from processes such as diffusion in the gas phase, adsorption-
desorption over the surface, and diffusion of the adsorbed species on the surface. 
The selective incorporation of Si on an arsenic or a gallium position only can take 
place during the incorporation at a step or a kink site. Incorporation means that 
double or triple bonds are formed so that desorption is unlikely once the silicon 
atom has arrived at the step or kink site. Because all orientations receive the same 
silicon flux in the form of SÌH2 radicals ( viz. those radicals which are produced 
in the chemical boundary layer within its diffusion length from the substrate [3]), 
all surfaces in principle could have the same coverage of silicon species. The 
differences in incorporation rates as observed in our experiments, indicate that 
the difference in the sticking coefficient or the difference in partial desorption 
must play a role. In other words, a partial equilibrium must be present at these 
surfaces. The origin for the difference in adsorption-desorption in principle can 
be found in the absolute value for the bond strength for the SiHa radical with 
the adsorption sites on the (lOO), ( l l l )Ga and (110) surfaces. Under MOCVD 
conditions the (100) surface is arsenic stabilized, where all arsenic atoms form 
dimers with each other in a σ — π configuration. No extra АзНз adsorption will 
be possible on this arsenic stabilized surface. Adsorption of the electronically 
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incomplete shell species SiH? on an arsenic atom is favoured, however, because 
the electron shell becomes completely filled in this process. The (l l l)Ga surface 
on the other hand is electronically poor because only single dangling bonds are 
present on the surface. The arsenic rich conditions now do not lead to an arsenic 
stabilized surface, but only result in adsorption of AsHa. So the great difference 
with the (100) surface is that the AsHa molecules on the ( l l l )Ga surface do not 
form dimers, i.e. do not form an intrinsic part of the lattice. Adsorption of SÌH2 
on the (ll l)Ga surface will occur at the gallium sites which are left free. Because 
of the electron deficiency of the Ga atoms, an incompletely filled adsorption bond 
will be formed between SÌH2 and Ga. Because of the electron deficiency, combined 
with the electropositive character of Ga with respect to arsenic, the Si-Ga bond 
strength will be smaller than the Si-As bond strength. The consequence is that 
desorption of SÌH2 on a (l l l)Ga surface is somewhat larger than on a (100) surface 
in the As-stabilized configuration. Because the step incorporation chances for both 
surfaces are alike, as well as the diffusion possibilities over the surface, the total 
incorporation rate is mainly determined by the silicon coverage on these surfaces. 
One can say that these adsorbed silicon species form the supply source to the 
steps. The consequence is that the silicon incorporation rate on (100) is larger 
than on (lll)Ga. This will be discussed in more detail in a forthcoming paper 
[20]. 
The still smaller incorporation rate on (110) has to be explained by the 
zipper like growth along the channels in the [110] directions, where the periodic 
bond chains are lying [22,23] (fig.7.7). Not only steric hindrance now plays an 
important role as to what diminishes the sticking coefficient, but also the difference 
in diffusion behaviour which is almost only restricted to a linear motion along the 
channel line. 
Fig.7.7. Side-view of a (110) 
surface showing the [001] 
steps and a kink site. The 
periodic bond chains are ly-
ing along the channels in the 
[110] direction. 
The above discussion, although difficult to quantify, gives the trend for the 
incorporation of Si on the various orientations, viz. (100) > ( l l l )Ga > (110), as 
is found experimentally. 
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7.3.2. Silicon precipitation 
For carrier concentrations higher than 3xl01 8cm~3 saturation occurs for all 
the substrate orientations studied (fig.7.1). The saturation point corresponds to 
a silane input mole fraction of about Ix lO - 6 . 
When the silicon concentration in GaAs is increased, the solubility limit of Si 
in GaAs can be exceeded. The solubility of Si in solid GaAs has been determined 
to reach a maximum of 4 at % (~1.6xl02 1cm - 3) at the eutectic temperature of 
1130oC [24]. However more precise data which cover the lower temperature region 
used for MOCVD (550 - 750oC) are lacking so that no prediction can be given 
when precipitation will occur at these temperatures. 
One can proceed in another way by calculating the chemical composition of 
the Si-Ga-As-H-C system using the existing data base of chemical equilibrium 
constants. For the growth temperature of 1000 К of GaAs by MOCVD, equilib­
rium calculations have been performed as a function of the input mole fraction of 
silane [25]. 
For input values of SÌH4 larger than IxlO - 6 thermodynamics predicts the 
formation of solid silicon (fig.7.8). Above this value the partial pressures of all 
gaseous silicon species are fixed, because all the additional silicon which is intro-
duced into the system will be transferred into solid silicon. 
log p, (bar) 1000 К 
Fig.7.8. Gas phase partial pressures of 
silicon compounds as a function of the 
input mole fraction of silane as calcu­
lated from thermodynamic equilibrium 
constants. The system contains TMG, 
АвНз, and SÌH4 in H2 at 1 at m total 
pressure and at a temperature of 1000 
K. All the non-silicon containing species 
have been omitted in this figure. The 
horizontal parts in the curves are due 
to the formation of solid silicon which 
fixes the pressures. 
The theoretically calculated value of input silane mole fraction of IxlO - 6 
where silicon nucleation will occur, favourable coincides with the observed ten-
dency for electrical saturation (fig.7.1). It must be understood that differences will 
exist between the incorporation behaviour, which is a kinetic process, and the the-
oretically predicted equilibrium situation. When precipitation is predicted, it will 
-9 - 8 - 7 - 6 - 5 - 4 
log mole fraction input Sib^ 
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only occur in practice when the silicon atoms in the bulk of the crystal have time 
enough to find each other (large diffusion coefficients at the given temperature 
together with low growth rates). When the growth temperature is low enough, 
as in MBE systems, the individual silicon atoms may simply be trapped in the 
grown layers and never will have a chance to come to equilibrium because of the 
small diffusion coefficient in the bulk. Such a system will be supersaturated and 
will show a large domain of electrical activity as indeed has been observed [26,27]. 
In MOCYD the temperatures are higher and consequently the silicon atoms will 
have more chance to meet each other during the growth process. This promotes 
clustering and consequently a smaller electric active region is to be expected. This 
also is found experimentally. 
.1.56 
io·· 10" 
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Fig.7.9. PL peak position of the 
band to band recombination of 
silicon doped GaAe (at 5 K) ver­
sus room temperature net carrier 
concentration. 
The Si-nucleation has been confirmed indirectly by photo-luminescence (PL) 
experiments. By looking at the band to band recombination peak in the PL 
spectra, it is found that when the carrier concentration is above a certain value, 
which in our case is approximately IxlO1 7 c m - 3 , the peak position starts to shift 
to higher energies (fig.7.9). This process is caused by the filling of the conduction 
band [28]. The peak energy keeps increasing when more Si is incorporated at 
lattice sites. This result is also found by Druminski et al. [6]. An interesting point 
from their study is that when the total Si concentration is higher than IxlO1 0 
c m
- 3
, the PL peak position is fixed. We were unable to confirm these results 
because the samples with the highest Si content showed no photoluminescence 
signal at all. The results of Druminski et al. show that the excess Si atoms 
are no longer electrically active as donors or acceptors. This phenomenon has 
been explained [6] by the formation of precipitates of Si or some other kind of 
non electrically active complex. Up to now no direct proof has been given of 
precipitate formation of Si in MOCVD GaAs. 
There are some additional techniques which might be able to give information 
on precipitate formation, viz. SIMS, wet chemical etching, morphological study 
of the epitaxial layers and ТЕМ. The SIMS technique is only suited to measure 
the total Si concentration, it can not discriminate whether the Si atoms are in­
corporated at the Ga or As lattice sites or incorporated as precipitates. Also the 
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wet chemical etching technique DSL (defect selective etching with light) which 
has proved to be so powerful for defect revealing [29], fails, because at these high 
carrier concentrations the etch rate under illumination is simply zero, probably 
due to the high recombination rate of the created hole-electron pairs. Observation 
of the surface morphology in principle should give valuable results. In order to 
study this more precisely, ал additional series of samples has been grown with SÌH4 
input mole fractions around the critical value I x l O - 6 , viz. 6 .2x l0 - 8 , б.ЗхІО - 7 , 
and 5 .8x l0 - 6 , respectively. The GaAs substrates used had three different orien­
tations, (100), (100) 2° (110), and (100) 4° (110). The morphology appears to be 
similar for all the samples grown with the two lower Si input concentrations. For 
the highest Si input concentration, the morphology of the exact (100) samples 
show a difference as compared with the misoriented (100) samples (fig.7.10). The 
surfaces in figs.7.10(a) and 7.10(b) are flat, flg.7.10(c) shows a wavy like surface 
consisting of macrosteps. In our opinion, the observed macrostep formation has 
to be explained as a result of step blocking by precipitates or clusters of adsorbed 
impurities. 
Fig.7.10. Surface morphologies of epitaxial layers as obtained by inter­
ference microscopy for three (100) (mi8-)oriented samples. The silane 
input mole fraction in each case was 5.8x10 . (a). (100)4° off towards 
(110), (6). (100)2° off towards (110), (c). exact (100). At lower silane 
input values all surfaces are smooth. Marker represents 50 /Xm. 
Crystal growth is taking place by step propagation on the surface. The steps 
or the kink sites along a step provide favourite places for species to incorporate. 
According to the theory of Cabrera and Vermileya [30], a step which moves along 
an atomically smooth terrace will be stopped by a pair of impurities that are less 
than 2p
c
 apart from each other {p
c
 is the critical radius) and will squeeze itself 
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between pairs of impurities when they are more than 2p
c
 apart. When a step is 
stopped by impurities, a macrostep has to be formed to override the impurities. 
This is true for immobile impurities. In case the adsorbed impurity atoms are 
still mobile and can diffuse over the surface, the moving step is able to drive the 
impurity atoms in front of the step. The larger the terrace is - as is the case 
for exact (100) - the higher the impurity density can become. Because of this 
condensation effect the critical distance between two impurities will be reached 
first at the exact orientation. This explains the difference in morphology between 
exact and misoriented (100) samples. The phenomenon of macrostep formation 
is often observed in solution grown crystals [31]. 
The most direct proof of the presence of precipitates has come from our ТЕМ 
studies of these samples. Defects indeed have been observed in the samples grown 
with the highest silane input (fig.7.11). These defects are identified as dislocation 
loops, interpreted as interstitial dislocation loops due to the Si-doping. Similar 
observations have been reported in studies of heavily Si-doped Bridgman-grown 
GaAs [32] and annealed Si-implanted GaAs [33]. The dislocation loop densities 
have been measured to be approximately 3 x l 0 1 3 c m - 3 . 
Fig.7.11. ТЕМ micrographs of two Si-doped samples, (a), silane mole 
fraction 6.2x10 and (6). silane mole fraction 5.8x10 . The small 
granular contrast in the background is caused by surface damage due to 
ion-beam thinning. 
From the above we conclude that indeed precipitates are formed which cause 
the formation of macrosteps as well as the observed dislocation loops by ТЕМ. It 
proves that Si-nucleation starts between a ЗіЩ input mole fraction of 6 . 3 x l 0 - r 
and 5.8xl0""6. This is consistent with the thermodynamic analysis which predicts 
a critical SiEU input mole fraction of I x l O - 6 for the formation of solid silicon. As 
these silicon precipitates will not contribute to the free carriers, the formation of 
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precipitates consequently will decrease the electron mobility as is shown in fig.7.3. 
7.3.3. R a t e limiting step of the silicon incorporation process 
It is known from previous studies [7] that the growth of GaAs by MOCVD 
at high temperature is limited by the diffusion of TMG through the gas phase. 
As a consequence gas phase depletion is known to occur, especially for long de­
position lengths without a tilt of the susceptor. This depletion phenomenon can 
be calculated with a rather high precision [34,35]. In this study the depletion of 
the gallium containing gaseous species from the gas phase is demonstrated by the 
exponential decrease in growth rate as given in fig.7.12(a). If the silicon incorpo­
ration process also would be dominated by gas phase diffusion, a similar depletion 
behaviour has to be expected for the Si doping as well. However, when the Si 
incorporation is corrected for the difference in growth rate and a small difference 
in growth temperature over the susceptor, there appears to be no depletion at 
all (fig.7.12(b)). The corrections are based on the observations (i) that the Si in­
corporation rate is inversely proportional to the GaAs growth rate, which is also 
reported by other authors [9,36,37], and (ii) that the Si incorporation rate from 
silane is a strong function of the growth temperature [1,9,37], 
η oc e~
E
^
RT
, 
where i?
a
 is the activation energy for the incorporation process. 
(7.1) 
Fig.7.12. (a). Growth rate of 
GaAs as a function of the axial 
position χ in the reactor, show-
in g the exponential depletion ef­
fect; (6). Silicon flux (mole/m β) 
to the surface as a function of the 
axial position x. The flow and 
temperature profiles are fully de­
veloped for χ > 6 cm. 
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In a separate paper we will report on the Si incorporation rate as function of 
the growth temperature [3], the activation energy for this process is found to be 
47 kcal /mol. This high value corresponds to the activation energy E
a
{k+) of the 
decomposition reaction of silane according to 
5 І # 4 - ^ 5 І Я З + Яз. (7.2) 
The product SÍH2 is believed to adsorb on the GaAs surface and to be re-
sponsible for the incorporation of Si. Due to the high activation energy this 
decomposition reaction will only occur in appreciable quantities at the highest 
gas temperatures, i.e. close to the crystal surface in the chemical boundary layer 
[3]. Because the activation energy Ea(k-) for the back reaction is very small 
(2?a(fc_) < Ea(k+)), the diffusion length of the SiHa radicals in the hydrogen 
carrier gas of 1 bar is extremely small viz. about 30 μτα [3], so only those SÍH2 
molecules that are created very close to the hot susceptor i.e. in the lowest part 
of the chemical boundary layer can be incorporated. SÍH2 molecules that are 
created away from the susceptor will react with H? and form SÍH4 again. This 
phenomenon explains the nearly constant Si concentration in the bulk gas phase 
and the absence of depletion. So for the doping of GaAs with Si using silane, the 
decomposition of SÍH4 into SÍH2 very close to the surface followed by diffusion 
of SiH2 towards the crystal surface is the rate limiting step for the incorporation 
process, although the growth process itself is diffusion limited. 
7.4. Conclusion 
Doping studies have been carried out as a function of silane input fraction 
over the entire dopant range of silicon in GaÁs. It is found that up to a carrier 
concentration of 3xl01 8cm~3 , the silicon incorporation varies linearly with the 
silane input concentration. The efficiency of the incorporation increases in the 
order (100)2<>(110)> ( l l l )Ga > (110). This trend can be explained by the relative 
bond strengths between SÍH2 species and the various oriented surfaces, i.e. the 
difference in desorption energy. This implies that a certain degree of dopant 
adsorption-desorption equilibrium is present at these surfaces. For the (110) face 
in addition the size effect of the SiHa molecules has to be taken into account. 
All the Si-doped layers grown are found to be compensated. For the 
(100)2°(110)and ( l l l ) G a orientations, the compensation ratio has a value of about 
0.3 for doping up to 3x l0 1 8 cm - 3 , and increases above this value to 0.7. The (110) 
orientation always shows a higher compensation ratio. 
For carrier concentrations larger than 3 x l 0 1 8 c m - 3 (psm, > 1 0 - e ) , precip-
itates in the crystal are formed due to Si nucleation in the matrix. This is in 
agreement with equilibrium calculations of the system Si-Ga-As-H-C. 
The rate limiting step for the Si incorporation is concluded to be the decom-
position of SÍH4 into SÍH2 and H2 followed by diffusion of SÍH2 to the surface. 
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This process happens very close to the hot substrate because of the very small 
free diffusion length of the SiHs radical in 1 bar H2. 
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Chapter 8 
Temperature dependence of silicon 
doping of GaAs by SiH 4 and SijHg 
in atmospheric pressure metalorganic 
chemical vapour deposition 
The temperature dependence of silicon doping in the Metalorganic Chemical 
Vapour Deposition process has been investigated in the temperature range 550 0 C 
to 800 0 C using silane (SÌH4) and disilane (ЗізНв). The experiments have been 
carried out at atmospheric H2 - pressure in a long horizontal reactor. The silicon 
doping process with both silicon precursors appears to be strongly temperature 
dependent, with apparent activation energies Е
асі
 of 51.4 ± 5.8 kcal/mol (2.2 ± 
0.3 eV) for silane and 45.5 ± 4 kcal/mol (2.0 ± 0.2 eV) for the doping process 
with disilcine. An thorough analysis is given of the rate determining step in both 
cases based on the presence of a chemical boundary layer. 
P.R. Hageman, X. Tang, M.H.J.M. de Croon and L.J. Giling 
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8.1. Introduction 
The development of ПІ/ devices requires well-defined doping profiles and 
high quality materials and interfaces. So, among other demands, there is a great 
need for suitable n- and p-type dopants. One of the most commonly used n-type 
dopants is silicon [1-5]. In principle there are two sources available for the silicon 
doping viz. silane (SÌH4) and disilane (ЗігНв). 
In spite of the general applicability of silane as an η-type doping source (at 
least for Metalorganic Chemical Vapour Deposition (MOCVD) purposes) there 
is not much agreement upon the temperature dependence of the incorporation 
of silicon from silane in the literature. The apparent activation energies vary 
from 27 till 40 kcal/mol (1.2 - 1.8 eV) [1,5-8]. However, all these experiments are 
performed under different experimental conditions so that a comparison between 
these results is nearly impossible. 
In contrast with silane (SÌH4) disilane (SÌ2He) appears to be more suitable 
as a dopant source because of its claimed temperature independence [l]. When 
temperature gradients are present over the wafer and for certain reactor geome-
tries (as will be shown later) it should be possible with disilane, at least in theory, 
to dope the epilayers more uniformly over larger areas than with silane. 
8.2. Experimental 
In our experiments we have investigated the temperature dependence of the 
silicon incorporation in G a As using silane and disilane. We have performed our 
experiments in a long horizontal reactor at atmospheric pressure [9]. This reactor 
allows flow- and temperature gradients to become fully developed. So its is in 
principle possible to calculate the temperature gradient and mass fluxes in our 
reactor. 
We have used arsine (AsHa) and trimethyl gallium (TMG) to accomplish 
the GaAs growth. All the epitaxial layers were grown on (l00)2o(110) G a As 
substrates. The silane and disilane used were diluted gases of 100 ppm in hydrogen 
and in nitrogen respectively. We have utilized a partial pressure of silane of 
4 x IO - 8 bar and a partial pressure of disilane of 3.8 χ I O - 8 bar. Hydrogen was 
used as a carrier gas at 1 bar. The mean gas flow rate at the entrance of the 
reactor was about 7 cm/s. All the experiments were carried out under a /ПІ 
ratio of 20. The growth temperature was varied from 550 "С to 800 0 C. The 
growth rate varied, depending on the position in the reactor and on the growth 
temperature, from 0.03 to 0.15 μια/πήη. 
The temperature was determined by measuring the substrate temperature 
using a calibrated pyrometer. The electrical characterization was performed using 
Hall-van der Pauw measurements and C-V measurements using a C-V profiler. 
All these electrical measurements were carried out at room temperature. 
Temperature dependence of Si-GaAa by SiH4 and Si'aHe in MOCVD 103 
8.3. Results and Discussion 
In fig. 8.1 the results of the silane doping experiments are given. In this 
figure we have plotted the electron concentration as a function of the reciprocal 
temperature (range measured 550 - 800 "С) . The electron concentration, and thus 
probably also the silicon incorporation, shows an Arrhenius type of behaviour with 
an apparent activation energy E
a c
t of 51.4 ± 5.8 kcal/mol (2.2 ± 0.3 eV). This 
value is significantly higher (about a factor 2) than those reported in literature 
[1,6,7]. 
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Fig.8.1. Silane (SÌH4) dop-
ing of GaAe (PstJÏ4 = 
4X10 bar). Dependence 
of the electron concentration 
(300 К, Hall-van der Pauw) 
on the growth temperature. 
The eolid line indicates the 
best fit. Ряз = 1 bar. 
The experiments with disilane have been performed over a wider tempera­
ture range, especially to lower temperatures. At the high temperature side, the 
experiments also cover the region where the growth rate itself falb off due to des-
orption of the Ga growth species. In fig. 8.2 the results of the disilane doping 
experiments are plotted. Again the electron concentration (incorporated silicon) 
shows an Arrhenius type of behaviour with an apparent activation energy Eoct of 
45.5 ± 4 kcal/mole (2.0 ± 0.2 eV). This is an even more striking result than the 
one obtained by the silane doping considering the results of Kuech et al. [1] or 
of Shimazu et al. [8] who found that the doping with disilane is a thermally non 
activated process. 
At first sight one would say that our doping experiments with silane and dis­
ilane are in complete disagreement with the results one can find in the literature 
[1,6,7]. Still all results can be explained in a logical way - even the zero activation 
energy of Kuech et al. and our value of 45.5 kcal/mol for the disilane process 
- when one takes into account the different conditions under which all these in­
corporation processes have been studied. In particular one has to consider the 
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influence of the parameters: total pressure, partial pressure of hydrogen, length 
of the susceptor (i.e. boundary layer or not) and of course the trivial point of 
the type of reactor (vertical or horizontal). It is worthwhile to remember that we 
have performed our experiments in a regime of fully developed temperature and 
flow profiles in H2 at atmospheric pressures, in contrast to the quoted authors 
where the experiments were performed in reactors where a physical boundary 
layer regime exists although they worked at lower pressures [1,6,7]. This is basi­
cally the reason for the different results which have been obtained in the various 
studies. 
In order to explain the results presented in fig. 8.1 and fig. 8.2 one has to 
consider the following reactions: 
SÌH4 SiHa + t f 2 , 
•* SÌH4, SiH2 + t f 2 
SiaHe — • SÌH4 + SÌH2, 
SÌH4 +SiH 2 —•SiaHe. 
(8.1) 
(8.2) 
(8.3) 
(8.4) 
Gas phase decomposition of silane (8.I) and disilane (8.3) are highly activated 
reactions with an activation energy of about 50 kcal/mole [10]. The formation of 
silane from hydrogen and SÌH2 (8.2) is very fast and hardly activated. The result 
is, that at a H2 pressure of 1 bar, the equilibrium concentration of SiH2 is very 
low (fig.8.3). 
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1000 к 
- 9 - 8 - 7 - 6 - 5 - 4 
log mole input SiHU 
Fig.8.3. Equilibrium partial pressurée 
of the most important silicon species 
as a function of the input concentra-
tion (molar fraction) of SÌH4 at 1000 
К. Р я , = 1 bar. 
8.3.1. SÌH4 doping 
Assuming that SÌH2 is the species that will adsorb on the growing surface and 
will be incorporated, one can imagine that the SÌH2 concentration will determine 
the silicon incorporation rate. We can exclude diffusion limitation of ЗіЕЦ itself 
because in that case we would have found hardly any temperature dependence for 
this type of process. In addition in our experiments the doping concentration of 
silicon appears to be inversely proportional to the growth rate which also points to 
a kinetic limitation [ l l ] . The decomposition of SÌH4 will take place in the chemical 
boundary layer which is in most cases a window in which a chemical reaction will 
occur [12]. However, in this special case a equilibrium is present, so one can refer 
to this region as a chemical equilibrium zone. This zone, due the high activation 
energy for the decomposition, is very thin [12]. Б о т the results of the gasphase 
equilibrium calculations as given in fig. 8.3 [13] we may conclude that the SÌH2 
concentration only will be a very small fraction of the SiH4 concentration at that 
temperature (1000 K) and that virtually all silane will remain undecomposed. 
This also explains why there are no depletion effects as observed for this doping 
process [ l l ] . 
Б о т our experiments we must conclude that the doping with SÌH4 is deter-
mined by kinetics and not by diffusion. Most probably the gas phase decompo-
sition of SÌH4 (8.1) will be the rate limiting step in the growth process, as this 
can explain the apparent activation energy observed in our experiments (fig.8.1). 
The concentration profiles of SÌH4 and SiH? in and outside the chemical boundary 
layer are depicted in fig. 8.4. It is seen that inside the chemical boundary layer 
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the silicon subsystem is in near equilibrium as the SÌH2 concentration is constant 
over the main part of this layer. The chemical decomposition of silane in the very 
thin layer close to the substrate, which is about 30 μπι thick, followed by the 
diffusion of SiHa to the surface, is responsible for the observed kinetic behaviour. 
This will be explained below. 
Fig.8.4. Sketched partial 
pressurée profiles in the case 
of SÌH4 doping. Ther-
mal diffusion effects are not 
taken in to account. Pjfj = 
1 bar. The figure is not on 
scale. 
8.3.2. SÌ2H6 doping 
In the case of SijHe one has to consider in addition reactions (8.3) and 
(8.4). Although the decomposition of ЗізНв (reaction (8.3)) has about the same 
apparent activation energy as the decomposition of SÌH4 [10], the rate of reaction 
(8.3) is much higher than the rate of reaction (8.1) due to the high value of 
the pre-exponential factor [10], so that at all the growth temperatures used in 
this study nearly all the SÌ^HQ is decomposed into SÌH4 and SiHj. At a H2 
pressure of 1 bar the total decomposition of ЗігНв occurs at the top of the chemical 
boundary layer. The back reaction, i.e. the formation of ЗігНв from SÌH4 and 
SÌH2 (reaction (8.4)), can be neglected because of the very low reaction rates due 
to the low concentration of silicon containing species as compared to the high 
hydrogen concentration in the reactor. So one can really say that at the growth 
temperatures all the ЗігНв is decomposed. The chemical situation for this case 
is depicted in fig. 8.5 in which the concentration profiles are sketched inside and 
outside the chemical boundary layer. 
The ЗігНв concentration declines from the input value to zero at the top of 
the chemical boundary layer. Here all ЗігНе is decomposed into SÌH2 and SÌH4. 
The diffusion length of the SÌH2 radical in H2 is given by (.D/A^-fti,)1/2 where 
k? is the rate constant of the reaction of H2 with SÏH2 (reaction (8.2)) and D 
is the diffusion coefficient of SÌH2 at the growth temperature. The value of this 
diffusion length is much smaller than the width of the chemical boundary layer 
and is in the order of 30 μιη [10]. Inside the boundary layer virtually all SÌH2 
has reacted with H2 to SÌH4, only a very minor fraction of SÌH2, as determined 
SÌH4- doping 
ЗШ, 
SOU 
BULK 
CHEMICAL BOUNDARY 
LAYER 
SUBSTRATE 
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Fig.8.5. Sketched partial 
pressures profiles in the case 
of ЗізН doping. Ther­
mal diffusion effects are not 
taken in to account. Р я
э
 = 
1 bar. The figure is not on 
scale. 
by the SÌH4 ^ SÌH2 + H2 equilibrium (fig.8.3), will be present in a constant 
concentration over the main part of the chemical boundary layer. Close to the 
surface the SiH? concentration falls off to zero again because of the incorporation 
in the GaAs lattice. The SÌH4 concentration is almost constant over the boundary 
layer, at least for positions beyond the entrance region. 
The observed kinetic behaviour can be attributed in the first place to the 
chemistry coupled to diffusion in the very small region of 30 μιη inside the gas 
phase, i.e. the decomposition of SÌH4 to SiHa coupled to diffusion of SÌH2 to the 
surface, which as rate limiting step leads to the incorporation rate r^: 
rd = k1[SiHt\(D/k2PH?)1/2i (8.5) 
what can be written as 
Td
- (D/k2 Р
НІ
)Ф^-^Г - J τ2 -р^- - 7is ,Ha1· ( 8 · 6 ) 
where ¿1 is the reaction constant of the decomposition of SÌH4 [12]. This rela-
tion clearly reveals that diffusion of the SÌH2 molecule is responsible for the rate 
limiting step. The activation energy is determined by the product ¿1 (ZP/A^)1/2. 
As the temperature dependence of the factor (iJ/Aa)1'3 is about zero, the final 
activation energy is determined by k\, i.e. the decomposition of silane. 
In the second place the adsorption process itself can be rate limiting. The 
rate Ta for this process is given by 
г. = * ч . * ^ е · , (8.7) 
where К is the equilibrium constant for the silane decomposition and Θ* is the 
amount of free adsorption sites. Here the Arrhenius energy is determined by the 
temperature dependence of the product ka^K. As the activation energy for the 
SigHe - doping 
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adsorption process will be about zero, the enthalpy AH for the silane decom-
position will determine the kinetic process. As AH » Eact (reaction (8.2)) no 
distinction can be made at this point between these two processes. A calculation 
of the magnitude of the rate of adsorption, with data from [10] and [14], clearly 
reveals that this process is at least one order of magnitude faster than the decom-
position in the gas phase however. So the conclusion is that actually the formation 
of SïR-2 radicab foUowed by their diffusion to the surface is the rate limiting step 
in this case. 
EYom both studies presented above, i.e. the doping of GaAs by SÌH4 and 
S12He, the same step appeared to be rate limiting viz. the production of SÌH2 
radicals close to the substrate followed by their diffusion to the surface. Conse-
quently in both cases the same activation energy should be observed, viz. about 
50 kcal/mol, being the activation energy for the decomposition of silane. 
The observed values of 51.4 ± 5.8 kcal/mol and 45 ± 4 kcal/mol for the de-
composition of silane and disilane respectively, deserve a closer analysis, especially 
because these values also include the temperature dependence of the growth rate 
itself. It will be shown in a subsequent paper [12] that when the proper correc-
tions are taken into account both corrected values come close to the theoretical 
value. In this coming paper also a thorough analysis will be given for the pressure 
dependence of the activation energy. 
8.3.3. Si2He doping in small cells 
The total decomposition of ЗігНд at the top of the chemical boundary layer 
results in a relatively high concentration of SÌH2 radicals, which - when they are 
produced close enough to the crystal surface i.e. within a distance smaller than 
their diffusion lengths - will give rise to a very high efficiency of the dopant in-
corporation process. This is the case for studies performed at 0.03 to 1 bar H2 
pressure on small susceptors which have a thin physical boundary layer for flow 
and temperature. In this situation the incorporation seemingly is also temperar 
ture independent because the reaction is already for 100% completed at relatively 
low temperatures due to the high value of the pre-exponential factor for this de-
composition reaction (note that the actual activation energy for the decomposition 
of SizHe is about as large as that of the decomposition of SÌH4 [10]). When the 
SÌH2 radicals are not produced from Si2He within reaching length of the crystal 
surface quite a different situation is created, because now the very fast reaction of 
SÌH2 with H2 will take place (this determines the actual diffusion length) result-
ing in the formation of SÌH4. This situation is predicted to take place in reactors 
where the flow and temperature profiles are fully developed together with high 
H2 pressures. 
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8.4. Conclusion 
Concluding, we can say that doping with SÌH4 is an kinetically determined 
process, and for growing larger and uniform layers one has to be able to control 
the temperature within a few degrees. The doping with S12He at 1 bar hydrogen 
pressure is a similar process and will cause the same troubles. 
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Chapter 9 
The influence of substrate orientation 
and mis-orientation on the Si-doping of 
GaAs grown by MOCVD 
In this investigation the influence of the direction of the mis-orientation has 
been studied (t) on the amount of silicon which is incorporated in the layer 
and (»•) on the degree of compensation. For this purpose eleven different ori-
entations have been used. They include the (110) group: (110), (110)2o( î l l ) , 
(110)2ο(1ϊϊ) and (ΐ10)2ο(001); the (100) group: (100), (l00)2 o (01l), (100)20(01Î) 
and (100)2ο(110); and the ( l l l ) G a group: ( l l l )Ga, ( l l l ) G a 2 o ( 0 0 l ) and ( l l l ) G a 
2 o ( l l0 ) . Quite a number of clear trends have been found which can be explained 
by a careful consideration of the atomic configurations of the various surface, step 
and kink sites. The results of this study have provided information on the incor­
poration of silicon on ал atomic scale and lead to insight in the most preferable 
atomic configuration of the GaAs surface during MOCVD growth. 
X. Tang, J. te Nijenhuis, Y. Li and L.J. Giling 
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9.1. Introduction 
Silicon is the most widely used η-type dopant for GaAs in metalorganic 
vapour phase epitaxy (MOCVD). In a recent study of Si-doped GaAs [1] the 
carrier concentration for constant ps«H4 was found to decrease in the order 
n[ 100)2"(no) > n(ii i )Ga > ^(iio)» due to a difference in the binding strength 
and surface diffusion rate of the adsorbed Si species on the surface, as well as to 
steric hindrance. It also was found that a certain difference in compensation ratio 
( N ¿ / N ¿ ) , or [Si.A(]/[Si<;a] as an approximation, exists among the above orienta-
tions. It was proposed that this difference most probably is due to the various 
step and kink site configurations at the growth front. The initial motivation of 
the present study was to verify this assumption and to see to what extent the 
compensation ratio can be changed. 
It is known that by changing the substrate misorientation direction from a 
major flat surface, various steps, i.e. various dangling bond configurations at the 
steps, can be revealed. For this reason eleven different orientations have been used. 
They include the (110) group: (110), (110)2o( ï l l ) , (110)2<>(Ш) and ( l l O ^ O O l ) ; 
the (100) group: (100), ( l O O ^ O l l ) , ( l O O ^ O l ï ) and (l00)2o(110); and the 
( l l l ) G a group: ( l l l )Ga, ( l l l )Ga2o(001) and ( l l l )Ga2 o (110) . The choice of 
this set of samples is to enable a good comparison among various major steps 
which can be present on these surfaces. 
9.2. Experimental 
The doping experiments were carried out at atmospheric pressure using 
trimethylgallium (TMG) and arsine as source materials while silane (100 ppm 
diluted in hydrogen) was used as dopant source. Details about the reactor have 
been described elsewhere [1,2]. The growth temperature was kept constant at 
700 ± 5 "C for all the MOCVD runs. The ratio between AsHa and TMG ( /Ш 
ratio) was varied between 5 and 50. All the GaAs substrates obtained from MCP 
(UK) were Cr-doped semi-insulating, horizontal Bridgman grown, and chemo-
mechanically polished on one face. The accuracy of the (mis-)orientation angle 
of all the used substrates was better than ±0.5 degrees. During the MOCVD 
growth, samples belonging to the same orientation group were placed in a same 
axial position in the reactor in order to enable a direct comparison. Due to the 
large number of samples used in the experiments, samples of a different orientation 
group were placed at a different axial position. These samples, due to a depletion 
effect along the gas flow direction in the reactor, had slight differences in growth 
rate and carrier concentration, so that a direct comparison between groups must 
be performed with care, but the growth rate for one group was essentially the 
same. The averaged growth rate was approximately 90 nm/min. 
The morphology after growth was observed with an interference-contrast mi­
croscope. The thickness of the grown layers was measured by cleaving and stain-
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ing. The electrical characterization was performed by Hall-Van der Pauw mea-
surements using a clover-leaf configuration. The error in the measured carrier 
concentration values was estimated to be smaller than 10%. The inaccuracy in 
the results is mainly due to the error in the measurement of the layer thicknesses. 
9.3. Results and discussion 
9.3.1. Some considerations on Si-doping 
It has been established that doping with silane goes along the following lines 
(t) the decomposition of SÌH4 into SÌH2, which happens very close to the hot 
surface of the GaAs substrate, and (гг) the adsorption of SiHs on the surface fol­
lowed by diffusion to the step sites which subsequently leads to Si incorporation 
[1,3,4]. It is well known that Si is an amphoteric dopant leading to incorporation 
as a donor (Si<;
a
) or as an acceptor ( S U J ) [1,5-7]. This phenomenon can be ex­
pressed by the compensation ratio, N ^ / N ¿ , or [SÍA,]/[SÍGO1 as an approximation. 
The compensation ratio can be calculated from the measurements of the carrier 
concentration and mobility values [8,9]. The reliability of using this calculations, 
and using the calculated values for our comparison is quite good because (г) the 
carrier concentrations of the grown samples are relatively low which satisfies the 
requirements of refs. [8,9] and (гг) only the relative change of the compensation 
ratio is of importance for our discussion, therefore a systematic error in the calcu­
lated values can be allowed. It is reported that the compensation ratios obtained 
in this way can be over estimated [10,11], but that does not bother us here. 
After a proper correction for the depletion effect, the general trend of the 
carrier concentration for the three orientation groups is (100) > ( l l l ) G a > (110) 
which is the same as is found in ref.[l]. This trend might be explained by a 
difference in bond strengths between the SiHa species and the various oriented 
surfaces, i.e. the difference in desorption energy. Adsorption of SÍH2 on the 
( l l l )Ga surface will occur at the gallium sites forming the Si-Ga bond, while on 
the (100) surface a Si-As bond will be formed under As-stabilized configuration. 
Since the Si-Ga bond strength is smaller than the Si-As bond strength (48 vs 55 
kcal/mol), the desorption of SiHj on a ( l l l ) G a surface wiD be somewhat larger 
than on a (100) surface. As a consequence the Si incorporation on the (100) surface 
can be higher than on the ( l l l ) G a surface. The still smaller incorporation rate 
on the (110) can be explained by steric hindrance caused by the so called zipper 
way of growth on the (110) surface (for detaib see ref.[l]). However, adsorption 
in itself is not decisive, the incorporation of Si is governed by the surface flux, 
i.e., by the product of the coverage and the diffusion velocity. A lower adsorption 
strength will also lead to a higher diffusion velocity to the steps, so a priori it 
is not clear which of both arguments will dominate. Most likely the electronic 
configuration at the step itself determines the observed differences. 
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Fig.9.1. ( a ) . Schemat ic t o p view of t h e possible s teps present on (110). 
T h e middle p a r t can be seen as a p la teau bordered by t h e four types of 
s teps; (b). side view o n _ t h e [001] s tep, showing a kink site; (c). side 
view on t h e {111] a n d [111] s teps showing t h e As a n d G a dangl ing b o n d s 
respectively. T h e d a s h e d lines are guides t o reveal t h e s teps . 
In the following subsections the discussion will separately be given for the 
three orientation groups for clarity. At first the configuration of the various sur­
faces, including the expected or reported step and kink site configurations, will 
be outlined followed by a discussion of the observed results. The influence of the 
Y/111 ratio will be discussed briefly in the last part. 
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Fig.9.2. Room temperature net carrier concentration ( N ^ - N ^ ) , total car-
rier concentration ( N p + N ^ ) and compensation ratio ( N ^ / N J ) as a func-
tion of substrate mis-orientation for the (110) substrate. Т<г=700 "С. Four 
different V/111 ratio are used (5, 10, 20 and 50). The lines are guides to 
the eyes. 
9.3.2. Group (110) 
Surface relaxation is expected for (110). This relaxation will cause a slight 
lowering of the top gallium atoms towards bulk crystal, leaving the top arsenic 
atoms somewhat raised [12,13]. On the (110) surface four groups of steps are 
expected, viz. steps in the [001], [00Ï], [Til] and [111] directions leading to the 
six directions as shown in fig.9.1. The direction of the step is defined as the step 
normal. For Si incorporation, the [001] and [001] steps are expected to be similar, 
i.e. since growth proceeds in a so-called zipper way where alternating G a and As 
kink sites are presented (fig.9.1b). In this study the [001] step has been chosen. 
The fill] and [ill] steps are terminated by either As or Ga atoms respectively 
(fig.9.1c). As a consequence it is expected that Si atoms arriving at the [111] 
step will have a greater chance to be incorporated as SiGa than in the case of 
the [111] step, i.e. the compensation ratio of the layers grown on (110)20(Î11) 
should be lower than the layers grown on (110)2°(in). This is nicely proven 
by the experimental results (fig.9.2). For all /ІП ratios the incorporation of 
Sioa is the highest on the fill] steps. When the /ІП ratio is 10 even a order 
of magnitude higher. This big difference in carrier concentration between the 
(110)2o(îll) and (110)2o(lñ) layers may find potential applications in epitaxial 
device development, e.g. a lateral doping superlattice of η + / η can be made on a 
patterned surface on which both (110)2o(îll) and (110)2о(Ш) orientations are 
present. Since this effect is caused by differences in atomic arrangements, small 
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lateral dimensions should be attainable. By varying the experimental conditions, 
we expect that p-type GaAs can be achieved which will make the realization of 
lateral p-η junctions possible. Lateral p-η junctions have been formed on non-
planar surfaces during the growth of GaAs by molecular beam epitaxy (MBE) 
[14]. 
The total carrier concentration does not show much difference for a given 
Y/III ratio. This indicates that the big difference in the carrier concentration is 
due to the difference in compensation ratios, as indeed is shown in fig.9.2. The 
highest compensation ratio of close to 1 was found on a (110)2o(001) sample (V/III 
=10). At a /ІП ratio of «10 the surface is expected to have equal coverages 
of Ga and As atoms. In this case the zipper way of growth on the (110)2o(00l) 
samples gives equal chance for Si atoms to be incorporated at Ga and As site. 
However if this is true the samples grown on (110)2o(001) with a /Ш ratio of 
5 should have a higher compensation ratio or a p-type character. But this is not 
the case. We do not have an explanation for this result. 
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Fig.9.3. Schematic top view of the possible steps present on (100). The 
dotted lines show the dimer bonds. 
9.3.3. Group (100) 
The (100) surface is known for its surface reconstruction [15,16]. This is due 
to the dimerization of the surface As atoms, or to the dimerization of the surface 
Ga atoms [17,18]. Under arsenic rich conditions (which is estimated to be V/III > 
10 in our case) the As dimerization is expected. At the (100) surface, two major 
atomic steps are expected, i.e. steps in the [Oil] direction and steps in the [Oil] 
direction [19,20], as is shown in fig.9.3. The atomic structure of these two steps 
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is quite different when the As atoms at the surface are completely dimerized, but 
similar when this is not the case [20]. When the surface is completely covered with 
dimerized As atoms, an adsorbed species, such as SiHz, can break one As dimer 
bond at any place along the [Oil] step and be incorporated as 8ίσ
α
. At the [Oil] 
step, however, the adsorbed species which arrive at this step can not directly be 
fixed on each step site, they only can be incorporated at a kink site. During the 
growth of GaAs this kink site will be a Ga or an As site alternatingly, therefore 
incorporation as S i c or as Si^, will be the result. From the above discussion, 
it can be said that {100)2o(01l) surface, which has large number of [Oil] steps, 
will have a higher incorporation rate and a lower compensation ratio than the 
(100)20(01Î) surface on which the [01Ï] step is dominant. 
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Fig.9.4. Room temperature net carrier concentration ( N p - N ^ ) , total car­
rier concentration ( N ^ + N ^ ) and compensation ratio ( N ^ / N J ) as a func­
tion of substrate mis-orientation for the (100) surface. Τ Ό = 7 0 0 " С The 
V/111 ratio is used as a parameter. 
The results shown in fig.9.4 are in agreement with the above expectation for 
all V/III ratios > 10 where dimerization is expected to be present. Only for the 
case of carrier concentration with /ПІ=5 the difference between (100)20(011) 
and (100)2o(011) is not really significant. This indeed is an indication that a 
complete dimerization of As atoms in that case on the surface is absent. 
It is observed that the compensation ratio for the exact (100) samples consis­
tently is the highest. Although the precise step configuration of the exact (100) 
samples is not known, this result can be expected, because the few steps which 
are present have to move so fast, in order to maintain the same growth rate as 
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the mis-oriented samples, that more Si atoms will become trapped at wrong po-
sitions apparently leading to an increased number of silicon on arsenic positions. 
The (100)2o(ll0)orientation possesses kink sites formed by the two [Oil] and 
[Oil] steps. The presence of such kink sites could lead to a better morphology 
than stepped surfaces, but this is not observed. Our results revealed that the 
layers grown on the three mis-orientations show comparable morphologies, i.e. 
they were all mirror like without observable defects. The exact (100) surface, 
however, did show somewhat inferior morphology due to nucleation difficulties. 
An important observation is that the (l00)2o(011) samples in all cases show 
the highest carrier concentration and the lowest compensation ratio. If we notice 
that (100)20(110) is at present the most widely used substrate orientation for the 
growth of GaAs, a better choice would be (100)2<'(011) when a low compensation 
ratio is desired. 
Fig.9.5. Schematic side view of the two types of possible steps present on 
( l l l )Ga . 
9.3.4. Group ( l l l ) G a 
Based on morphological studies two types of stable steps are expected on 
the ( l l l )Ga surface, viz. steps in the [ÎÎ2] and [112] directions (fig.9.5). It was 
proposed that the [ÎÎ2] step, which has an (100) like character, can have step 
reconstruction forming arsenic dimers [19,21]. The [112] step, which has a (110) 
like character, will have step relaxation similar to the (110) surface. These two 
steps have similar configurations as the [011] steps on the (100) surface and the 
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[ill] steps on the (110) surface respectively - the atomic configurations at the 
corner of the steps are similar, although they are 90 degrees rotated. For Si 
incorporation, these steps are expected to behave similar as the incorporation on 
the (100)2o(011) and (ll0)2o(lTÏ) orientations respectively, i.e. the compensation 
ratio of layers grown on ( l l l )Ga 2°(112) is expected to be lower than that of layers 
grown on (lll)Ga20(112). However, this effect was not observed experimentally 
(fig.9.6). Neither the carrier concentration nor the compensation ratio differs 
much between these two orientations. The most probable explanation is that the 
proposed step reconstruction does not exist under these experimental conditions. 
In that case the step configurations may be quite similar for the Si incorporation. 
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Fig.9.6. Room temperature net carrier concentration ( N ^ - N ^ ) , total car­
rier concentration ( N J + N ^ ) and compensation ratio ( N ^ / N p ) as a func­
tion of substrate mis-orientation for the ( l l l ) G a substrate. Τα=700 "С. 
Four different V/III ratio are used (5, 10, 20 and 50). 
As compared with the mis-oriented samples, the exact ( l l l)Ga samples have 
overall lower carrier concentration values and higher compensation ratios. The 
higher compensation ratios can be explained by the selection difficulties at the 
step during the fast movement of the step. 
9.3.5. The influence of /ІП ratio 
The influence of the /ІП ratio on the total carrier concentration is shown 
in fig.9.7. For the /Ш ratio from 5 to 10 the general trend is a decrease of the 
total carrier concentration. This effect is also reported by Bass [22] although no 
exact mechanism can be given. For /ПІ ratios higher than 10, an increase of 
the total carrier concentration is observed. This effect can be explained by the 
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following argument: with an increase of PA»HS the concentration of Ga vacancies 
will be increased which in tum enhances the probability of Si incorporation on a 
Ga position. Since the bond strength of Si-As is higher than that of Si-Ga this 
leads to less desorption of SiHz resulting in higher total carrier concentration. 
This argument certainly is the explanation for the relatively stronger increase of 
the total carrier concentration on the ( l l l ) G a surface for increasing /ІП ratio 
(fig.9.7). 
V/lll ratio 
Fig.9.7. Total carrier con­
centration ( N ^ + N ^ ) ver-
BUB the V/III ratio for 
three different groups of 
samples ((100), (110) and 
( l l l ) G a ) . 
9.4. Conclusion 
It is shown that by looking at the Si doping as a function of the substrate 
orientation and mis-orientation, information of the incorporation of silicon on an 
atomic scale can be obtained. Quite a number of clear trends have been found in 
this study. For the (110) group it is observed that Λ(ιιο)2»(ΐιι) > > n(iio)2<>(iñ) 
ала N ^ / N ^ ( 1 1 0 ) 2 O ( î l l ) « N ^ / N j ( 1 1 0 ) 3 . ( l T Î ) . Because this effect is very strong, 
it may find potential applications in epitaxial devices. 
For the group (100) samples, the net carrier concentration decreases in the 
order (100)20(011) > (100)20(01Ï) > (100). The compensation ratio, however, 
increases in this order. This phenomenon is explained by a consideration of the 
reconstruction possibilities on the surfaces, and the incorporation possibilities 
of Si at these different atomic steps. As compared with the commonly used 
(lOOj^llO) substrate, (l00)2o(011) gives the highest carrier concentration and 
the lowest compensation ratio. 
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No essential differences have been found between ( l l l )Ga2 o (001) and 
( l l l )Ga2 o (110) . 
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Chapter 10 
Photoluminescence and electrical 
studies of Si-doped A l x G a ^ A s 
grown on various substrate orientations 
by MOCVD 
The photoluminescence and electrical behaviour of Si-doped ALjGai-ajAs 
has been investigated on various GaAs substrate orientations viz. (100)20(110), 
( l l l)Ga and (110). The growth has been performed by MOCVD with a systematic 
variation of the silane input mole fraction, the /ПІ ratio and the aluminum 
fraction. It is found that the (110) layers show an abnormal electrical behaviour 
especially in carrier concentration and mobility. On these layers also two new PL 
peaks have been found. By correlating all possible pair-defects with the peaks as 
a function of the experimental conditions, these two peaks could be assigned to 
originate from a V ^ - A s c complex and a V^^-SU, or V^-Sica complex. The 
abnormal electrical results for (110) can be explained by the presence of these 
complexes. 
X. Tang, E.P. Visser, P.M.A. van Lin and L.J. Giling 
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10.1. Introduct ion 
Because of the nearly perfect lattice matching with GaAs, Al IGa1_a ;As has 
been studied extensively and is widely used in optoelectronic devices. In par­
ticular η-type Al
x
Ga.i-
x
As has been studied, probably not because it ia more 
important than p-Al^Gai-xAs, but mainly due to the presence of the interest­
ing and troublesome DX centers [1-3]. These DX centers account for the strong 
decrease of the carrier concentration for XAI > 0.2 [4,5]. By using higher growth 
temperatures for MOCVD (metalorganic chemical vapour deposition) it was re­
ported that the number of the DX centers could be reduced [6] although this is 
not a practical solution because most devices require low growth temperatures 
in view of the sharp interfaces desired. Nevertheless the low limit in carrier con­
centration for XAI > 0.2 is a disadvantage for the application of n-Al
z
Gai_
x
As, 
especially whenever high doping levels axe needed. Recently we have reported that 
the growth of Si-doped η-type GaAs layers which were grown on various substrate 
orientations resulted in different carrier concentrations and compensation ratios 
[7]. Similar effects are also to be expected for n-Al
z
Gai-
z
As. In this study we 
report the results on Si-doped А1
х
Саі_
х
 As grown on three substrate orientations, 
viz. (100)20(110), ( l l l ) G a and (110). While the growth temperature remained 
constant, systematically the silane input mole fraction, the V/III ratio and the 
aluminum fraction in the epitaxial layers was varied. The layers grown on the 
(110) substrate showed abnormal results. Not only higher carrier concentrations 
were achieved as compared to the layers grown on the other two orientations but 
also lower Hall mobilities were observed. In order to look for the reason of these 
differences, the layers were further characterized by photoluminescence (PL). 
10.2. Experimental 
The doping experiments were carried out at atmospheric pressure using 
trimethylgallium (TMG), trimethylaluminum (TMA), and arsine (AsHa) as 
source materials, and 100 ppm silane (SÌH4) in H2 as dopant. A horizontal reactor 
is used with rectangular cross-section of dimensions 1.8x5 cm2 (heightXwidth). 
The reactor is resistance heated at the bottom and water cooled on the top so that 
a known temperature profile can be established. A long entrance length is used 
to ensure stabilization of both temperature and velocity profiles of the incoming 
gas mixture ( for details, see ref. [8]). The arsine passed through a molecular sieve 
before mixing with the carrier gas (H2) to achieve a low moisture level. The mole 
fraction of the total group III elements (TMA + TMG, taking into account the 
dimerisation of TMA) was kept constant at 6.0·10 - 4 . The growth rate was ap-
proximately 0.1 д т / т і п . The growth temperature was measured at the GaAs 
substrate surface with a calibrated optical pyrometer. The temperature was kept 
constant at 720 ± 5 0 C for all the MOCVD experiments. Three growth parame­
ters have been varied, viz. the input mole fraction of silane ([SÌH4]) from 6.0·10~8 
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to 1 .210 - 5 , the /ПІ ratio from 10 to 82 and the aluminum fraction in the solid 
(хлі) from 0.28 to 0.72. The GaAs substrates, obtained from MCP (UK), were 
Cr-doped semi-insulating, horizontal Bridgman grown, and chemo-mechanically 
polished on one face. Typical etch pits densities were below 5000/cm2. The 
substrate orientations were (100)20(110), (110) and ( l l l )Ga. To make a direct 
comparison possible, samples with various orientations were grown together in 
every run. A Si-doped n^GaAs substrate was also placed in every MOCVD run. 
The known carrier concentration of this substrate was used as a reference for the 
C-V (capacitance-voltage) measurement on the epitaxial layers. 
After growth the thickness of the grown layers amounted to a few microm­
eters. This was measured by a cleaving and staining technique. The electri­
cal characterization was performed by Hall-van der Pauw measurements at room 
temperature using a clover-leaf configuration. Additional C-V measurements were 
performed with a Polaron profile plotter. The aluminum fraction XAI was deter­
mined by low temperature (4.2 K) photoluminescence (PL). The PL measure­
ments were performed using an Ar laser (514.5 nm) as excitation source whereas 
the emitted fluorescence was detected by a double-grating-monochromator fitted 
with a liquid nitrogen cooled SI photomultiplier. For standard PL measurements 
an excitation intensity of 100 mW was used (excitation density 2.6 Wem - 2 ) . 
10.3. Electrical measurements 
In fig.10.1 the net carrier concentrations n, (N^-N^), obtained from Hall 
measurements on АІо.звСао.вгАз are given as a function of the input [SiH4] for 
three substrate orientations, viz. (100)2o(110), ( l l l )Ga and (110). For the lay­
ers grown on Si-doped (100)2o(110) substrate also the C-V data are given (for 
[SiH4]=2.9-10~7 the data of the (110) and ( l l l ) G a layers are shown as well. 
These C-V values clearly are one to two orders of magnitude higher than the 
corresponding Hall values, indicating the existence of deep donor levels, probably 
the DX level [1,2]. As these levels are difficult to ionize at room temperature, 
they will not contribute much in the Hall measurements. In the case of C-V 
measurements, however, due to the electrical field at the Schottky junction, the 
ionization of electrons from the deep donor levels is enhanced, therefore a higher η 
value will be the result [9]. With an increased [SÌH4] input η increases steadily for 
layers grown on the (100)20(110) and ( l l l )Ga substrates. For [SÌH4] higher than 
2 · 1 0 - β , the carrier concentration is saturated. This can be explained by the for­
mation of Si precipitates as is reported for Si-doped GaAs [7]. As compared with 
the layers grown on the (100)2 o(ll0) and ( l l l ) G a substrates, the layers grown on 
the (110) substrate do not show apparent difference in C-V data. However they 
show a strikingly different behaviour in Hall data. Already for low Р5,Я4 the net 
carrier concentration is very high and as the [SÌH4] is increased from 6 ·10 - 8 to 
1-10 -5, the carrier concentration nearly remains constant. It appears that not 
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Fig.10.1. Room temperature net carrier concentration (u) obtained by Hall 
measuremente versus the input mole fraction of eilane for three different 
substrate orientations. The C-V data measured on layers grown on Si-
doped (100)2 o (110) substrates are given for comparison. T o = 720 "С, 
V/III ratio = 20, XAI = 0.38. The lines are guide to the eyes. 
much is known in literature about MOCVD Si-doped Al
x
Ga.i-
x
As grown on an 
(110) surface. In a previous publication on Si-doped GaAs [7] the layers grown on 
(110) were shown to have a lower carrier concentration and a higher compensation 
ratio ( N ^ / N £ ) than the layers grown on (100)2o(110) and ( l l l )Ga substrates. 
That phenomenon could be explained by a difference in adsorption-desorption be-
haviour of the Si containing species on the various surfaces, as well as a difference 
in the Si incorporation rate at the step or kink site. Since this explanation would 
lead to a lower carrier concentration for the (110) samples it clearly is inadequate 
to explain the abnormal behaviour of the AlgGai-^As (110) layers. By using 
ТЕМ, Wang reported a monolayer-like ordering of AlAs and GaAs (or highly 
Al-rich and Ga-rich) from MBE AlGaAs layers grown on (110) GaAs substrate 
[10]. It might be expected that ordering will give an abnormal effect in transport 
behaviour although this was not reported by Wang. One of our (110) samples has 
been studied by ТЕМ but did not show any ordering effect, therefore this effect 
most probably is not operative in our case. We also checked whether by chance 
the presence of a two-dimensional electron gas (2DEG) could be responsible for 
the strange transport behaviour. Such a 2DEG might have been formed at the 
interface between n-AlxGai-^As and the semi-insulating GaAs substrate [11]. A 
check run was made in which a buffer layer of undoped AlGaAs ( X ¿ Í = 0.38) was 
= — I I I I H l l | 1 I I l l l l l ) 1 I I l l l l l | 1 I I I I J H 
' • ' " • " ' 1 ' • • " " ' ' ' ' ' " i l l ι ι 1 11111 
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grown between the substrate and n-AlGaAs [XAI= 0.38). This buffer layer can 
effectively prevent the formation of 2DEG [11]. However, no apparent difference, 
neither electrical nor from photoluminescence, was found between the samples 
from this run and the correspondent run without the AlGaAs buffer. 
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Fig.10.2. Overview of room temperature carrier concentration (n) and Hall 
mobility (μ) as a function of the V/III ratio, input mole fraction of silane 
([SÍH4]) and XAI- The solid lines are for the (110) orientation. The dashed 
lines are the averaged values of the (100)2o(110) and ( l l l ) G a orientations. 
The experimental conditions are: (лЬ): input [SÍH4] = 2.9·10 , χ χ ί = 
0.38; (cd): V/III ratio = 20, xA¡ = 0.38; and ( e / ) : V/III ratio = 20, 
input [SÌH4I = 2.9-10"7 . 
In fig. 10.2 the electrical results are summarized. In this figure the solid 
lines correspond to data obtained on (110) substrates. As the results for the 
(100)2o(110) and ( l l l ) G a were quite similar their averaged values have been pre-
sented in fig.10.2 (dashed lines). It is seen from fig. 10.2 that (110) not only shows 
an abnormal behaviour in the relation of η versus input [SÌH4] but also in the 
other relations. While the mobilities for (100)2o(110) and ( l l l ) G a decrease aa 
expected with increasing input [SÌH4], the Hall mobility of the (110) samples at 
first starts rather low for small input values of [SÌH4], then increases rather sharply 
and only follows the value of μ for (100)20(110) and ( l l l ) G a at the highest input 
[SÌH4]. The general trend for the AlGaAs layers is that the carrier concentration 
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on (110) substrate is higher than those on (l00)2o(110) and ( l l l)Ga substrates, 
while the mobility of the (110) sample is lower than that of the (l00)2o(110) and 
( l l l )Ga samples. An extended report for the electrical analysis will be given in 
a separate paper [12]. 
In this paper we will concentrate on the origin of the observed differences 
between the (110) and the other two orientations, rather than going deeper into 
the natures of the DX-centers. 
10.4. P L measurements: a common approach 
In order to look for the reason of the abnormal behaviour of the (110) samples 
in electrical measurements, photoluminescence measurements have been applied 
on all (100)2°(110) and (110) samples and on some of the ( l l l)Ga samples. In 
fig.10.3 an example is given of four 4.2 К PL spectra as a function of the /Ш 
ratio for the (110) orientation. 
1.7 1.1 I I 
Phottf) Enirn (t»| 
Fig.10.3. 4.2 К photolummes-
cence spectra of (110) samples 
as a function of the W/111 ra­
tio. Input [SÌH4I = 2 . 9 · 1 0 _ 7 , 
χ
Αί
 = 0 . 3 8 . 
The broad peaks at 1.37 eV are the result from impurity complexes, most 
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probably related with a S i c a - V c complex in the Al z Gai - x As layers [13]. The 
peaks at approximately 1.48 eV can originate from the underlying GaAs substrate 
and are most probably due to the (e, A") transition in which a Si^« is involved [14]. 
It must be remembered that the GaAs substrate is Cr-doped, so the appearance 
of the S'iAê peak indicates that some Si atoms have diffused from the epitaxial 
layer into the top atomic layers of the substrate. In the energy range between 
1.6 eV and 1.9 eV the spectra show broad emission structures which are built 
up of two peaks. For convenience we will call these two transitions T l and T2 
respectively. The peak energy of T l is found to vary between 1.71 and 1.80 eV, 
whereas the peak energy of the T2 shifts between 1.80 and 1.86 eV. No clear 
relation is found between the peak positions and XAI however. Above an energy 
of 1.9 eV, an emission band can be seen with a peak at approximately 1.951 eV 
which is recently described by Lochs et al.[l5] (the X-peak), the origin of this 
transition is still uncertain. The photon emission at still higher energies is from 
near-bandgap photoluminescence of AlGaAs, probably as the result of transitions 
involving SiAt and CAs acceptors. 
The T l and T2 peaks are frequently observed for our (110) samples. However 
the T l peak is never observed for the (100)2o(ll0) and ( l l l ) G a samples and only 
in a few cases the T2 peak is seen. From the absence of the T l and T2 peak for 
the (100)20(110) and ( l l l )Ga substrates, we assume that the abnormal electrical 
behaviour of the (110) sample is coupled to the presence of the two extra peaks T l 
and T2. In the following we will therefore concentrate on these two peaks. To our 
knowledge the peaks T l and T2 are not reported in literature so far. In Zn-doped 
p-AlxGai_xAs (xA¡ between 0.15 - 0.62) peaks in the energy range of 1.5 - 1.7 
eV were reported to be related to the zinc acceptor - Ga vacancy complex Znca-
Vco [16]· bi another study of Zn-doped АЦСах-^Аз (X^Í = 0 - 0.46) a broad 
peak around 1.65 eV was reported to be related to Zn<;0-VAi [17]. In Ge-doped 
p-AlxGai_xAs (x^j = 0.26 - 0.43) a GUAS-VAS complex has been assumed to be 
responsible for peaks at approximately 1.85 eV [18]. 
Fig. 10.4 gives an overview of the measured PL intensities of the T l and 
T2 peaks as function of the input [ЗіЕЦ], /Ш ratio and XAI· We have given 
in this figure the PL intensities as measured. This is a reasonably acceptable 
procedure as we have kept all the variables of the PL measurement constant for 
all the samples, including the temperature, excitation intensity, lock-in amplifier 
settings and monochromator settings. Also all our (110) samples had a similar 
surface morphology so that surface effects did not play a role. There are two other 
methods to present PL intensities which are based on normalized peak intensities. 
The first method uses a reference peak, the other the total PL emission. In our 
case these methods could not be applied, in the first case because of the absence of 
a reliable reference peak, in the second case because the total radiated PL energy 
was not constant. 
For the determination of the absolute PL intensities of peaks T l and T2 
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Fig.10.4. Overview of the 4.2 К photolummescence inteneitiee of the T l 
and T2 peaks ae a function of the V/III ratio, input [SÌH4] and XAI· The 
magnitude of the errors due to peak overlapping are less than the size 
of the used symbol (*). The experimental conditions are the same as in 
fig.10.2. 
a Gaussian distribution was assumed. In this analysis the inaccuracy in peak 
intensity and peak energy is quite large, but due to the rather strong variations of 
the peak intensity as ftinction of the experimental parameters (input [SÌH4], V/III 
ratio and х>и)і this error in PL intensities does not show up in fig.10.4, where the 
inaccuracy is smaller than the symbol used for the data points. The errors in the 
peak position can be significant, however, but this is not of direct importance for 
our analysis. 
The T2 peak intensity is found to decrease nearly exponentially with increas­
ing /Ш ratio (fig.10.4b). When the input [SÌH4] is varied the T2 intensity is 
shown to increase at first and decrease for higher [SiH4](fig.l0.4d). The above 
behaviour may be explained intuitively by assuming that this peak is coupled to 
the presence of a V,^ related complex, probably a V^-Si^, complex. The rea-
soning for this is as follows. It is known that Зід, is an acceptor, whereas V A j is 
reported to be a donor [19-21]. At the growth temperature of 1000 К it is possible 
that both of them are ionized giving V¿t and Si^,· So a donor - acceptor pair 
is formed which is held together by Coulombic forces. As a function of the input 
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[SÌH4] and /Ш ratio the concentration of YAS will decrease in both cases and 
the concentration of Su* will increase and decrease respectively. The combined 
effect gives the experimentally observed trends of the T2 peak with the input 
[SÌH4] and /ПІ ratio. 
The relation between the T2 peak and XAI (fig.10.4f) shows a small increase 
for low x^j whereupon it decreases again for higher x^j values. Due to the large 
variation of xAi this variation is not strong enough to draw any conclusion how­
ever. Probably the increase of the T2 peak intensity for lower x^t is due to an 
increase in the complex concentration itself, whereas the decrease thereafter is 
because of a lowering of the total PL emission, which can partly be due to an 
effect of some non-radiative centers introduced by oxygen. This oxygen effect, 
which is expected to be stronger for higher aluminum concentration, may also 
be the cause for a sharp decrease of the T l peak intensity as a function of XAI 
(fig.10.4e). 
The PL intensity of the T l peak shows a quite different behaviour with 
respect to the input [SiH4] and /ПІ ratio, see figs.l0.4a,c. An intuitive identifi­
cation of the T l peak to a complex is more difficult in this case than for the T2 
transition. We therefore decided to set up a more systematic analysis in the form 
of a pair-symbol study including all kinds of defects. 
10.5. D-Α and D-D pairs: a systematic pair-defect analysis 
For the identification of the T l and T2 peaks we assume that these peaks 
originate from complex levels. This is based on the following arguments (t) the 
peak energies are too low (~250 meV lower than that of the near band emissions) 
to have come from a common shallow level, and (tt) the peak widths are too large 
(»•ΊΟΟ meV) to be associated with a transition involving a hydrogen like level. 
In both n- and p-type materials the formation of donor-acceptor (D-Α) pairs 
is possible. In η-type material no acceptor-acceptor (Α-A) pairs will be formed 
since all the acceptors are ionized and negatively charged, however the formation 
of donor-donor (D-D) pairs in η-type material is allowed if one of the donor levels 
lies much deeper than the other so that the deeper one can remain neutral, even 
at the growth temperature. Reversely it is possible that in p-type material, next 
to D-Α pairs, also A-Α pairs may formed, whereas the formation of D-D pairs is 
forbidden. 
Of course it also is possible to form complex centers consisting of more than 
two point defects. However these are hardly reported in literature. Due to the 
complexity of the centers the probability of formation is expected to be low. 
Therefore in the following we will restrict our analysis to complex centers consist­
ing of two point defects, viz. pairs. 
In the case of Si-doped GaAs, eight types of point defects are expected to be 
possible, viz. S i G a , Si^,, ν σ β , YA», Ga», ASÍ, С а л , and Α 3 σ α . The symbols " V 
132 Chapter 10 
and " Γ stand for vacancy and interstitial respectively. In the case of Si-doped 
AlGaAs, when no ordering is present as is in our case, the above mentioned S i d , 
Vca and Asea can be replaced by Sim, глг and Asm respectively , where " Ш " 
stands for a group 3 site. Two new point defects are expected, viz. Al^  and Α1^4. 
For simplicity we will first discuss the GaAs case. 
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Fig.10.5. Schematic dia­
gram for the case of Si-
doped n-GaAe as uaed for 
the construction of donor-
donor (O-D) paire (the in­
ner part where six D-D 
paire can be formed) and 
the donor-acceptor (D-A) 
pairs (the outer circle on 
which the three acceptors 
can combine with each of 
the four donors to form 
12 D-Α pairs). The three 
symbols "T", " 1 " and "-" 
stands respectively for an 
increase, decrease or no 
change of the related donor 
or acceptor (point defects) 
concentrations with an in­
crease in the V/111 ratio (at 
the left hand side of each 
point defects) or with an 
increase in the input [SÍH4I 
(at the right hand side of 
the point defects). 
The eight point defects can be divided into four donors Si<7a, д«, Gai [22], 
and AsG e [23,24], three acceptors Si^,, VG a [20,22] and Ga.At [23] and one neutral 
(ASÍ). Although the last defect sometimes is assumed to be a donor [22] it is also 
argued that As, will remain in a neutral state, because its outer electron shell is 
half filled and it neither has a large electro-positive, nor a large electro-negative 
value [25]. We will name this point defect N(D), meaning neutral or a donor. The 
possible combinations of this species with the other point defects are N(D)-A or 
N(D)-D pairs. 
Since our samples in all cases are n-type only the D-Α and D-D centers and 
the N(D)-A, N(D)-D combinations will be discussed. Fig.10.5 shows a diagram 
which consists of an outer circle where the three acceptors are housed, and an 
inner part where the four donors are settled. The thick bars between the donors 
indicate the six possible formations of D-D pairs. One must think that the outer 
circle can rotate so that the thick bars attached to the three acceptors can connect 
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with each of the four donors (in the case of fig.10.5 a Sica-SiA« pair) forming in 
this way altogether 12 D-Α pairs. The construction of the N(D)-A or N(D)-D 
pairs for the case of ASJ is easy, i.e. simply combine the As» with the other seven 
point defects to form 7 types of possible pairs. The resulted combinations are 
given in table 10.1. There are in the whole 12 D-Α pairs, 6 D-D pairs, 3 N(D)-A 
pairs and 4 N(D)-D pairs. Four of these, which are underlined in table 10.1, will 
not be stable, viz. Gaj-Vca, д.-Са», Asi-Vaa and Asi-V^« which certainly at 
lower temperatures, immediately will form G&ca, Ga^,, A s c and As^,. 
12 D-Α pairs 
t j t t S iGo-S¡AS 
tt \\ S i Ca-VGa 
\\ t - S'Go-GoAs 
\\ \\ V A 8 - S i A s 
t j Ц V A S - V G O 
J J -J V A ,-Ga A , 
|| t - С"!" SIAs 
t | -| Ga,-VG a 
J| — G a i - GoAs 
t j t - A9Go- SIA9 
H - | A s G a - VGO 
t | — A 9 G a - G o A 9 
6 D-D pairs 
t | t | S I Ga- v As 
t | t - Si G Q -Go t 
tf t - S i Ga- A 9 Go 
|| -| ν , , - G o , 
t | -| v As- A»0a 
t | -- G O Í - Asea 
3 N(D)-A pairs 
t | t - A*i -SiA. 
t t - | A»t-VGa 
t | — A 4 - G a A s 
4 NfDbD pairs 
t t t - А 8 і - 5 Г С о 
t | "J A»t-VA, 
t | - ASi-Goi 
tt — Así-Asco 
T a b l e 1 0 . 1 . 25 роввіЫе 
pair complexes of two point 
defects out of S i c , S M « . 
V c o .
 Л 4 , Gai, G^Aê, 
Αβ<7
α
, and As,-. At the left 
hand side of each complex 
two groups of pair-symbols 
are given. The first pair-
symbol shows the effect of 
the V/111 ratio and the sec­
ond the effect of the partial 
pressure of input silane on 
the concentrations of the 
individual point defects in 
the complex. The symbols 
"î". "I" and "-" mean that 
the concentration of the re-
lated point defect will in-
crease, decrease or remain 
constant for an increase in 
V/III ratio or [SÌH4]. The 
four underlined complexes 
will be unstable. 
For each of the remaining possible combinations we can look at the variation 
of these pairs as a function of the experimental conditions. First we will study 
the variation of the individual point defects as a function of the experimental 
conditions, namely the /ІП ratio and the input [SÌH4]. In fig.10.5 we have 
shown the results in the form of three symbols at the left and right hand side 
of every point defect. The one at the left hand side indicates the influence of 
the /ПІ ratio and the one at the right hand side indicates the influence of the 
input [SÌH4]. The three symbols "î", " j " and "-" indicate an increase, decrease or 
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constancy of the concentration of the point defect for an increase in the /ІП ratio 
(or the input [SÌH4]). The resulting symbols for all the pairs are given in table 
10.1 where the first two symbols represent the influence of the V/III ratio on the 
two related point defects and the second two symbols represent the influence of 
the input [SÌH4]. For convenience we will call the combination of the two symbols 
a pair-symbol. There are altogether six types of pair-symbols, viz. "ТТ","!-", 
"Ti"· "--"ι "-.Γι and " l i " · The question now is to determine the combined effect 
from these individual effects. All possible combined effects on the concentration 
of a certain complex upon an increase in /ІП ratio or [SÌH4] are given in table 
10.2. For the pair-symbol " И " the only possible combined effect is of course 
an increase. For the pair-symbol "f-" there are four possibilities, viz. a steady 
increase, first increase and then constant, constant, and first constant and then 
increase, dependent upon the fact which defect limits the pair concentration. The 
last effect in practice is not probable, since the number of pairs is determined 
mainly by the defect which has a relatively lower concentration, thus when the 
combined effect is firstly constant the only possibility is to remain constant or to 
decrease. In table 10.2 this non-practical combined effect together with two other 
of its sort are nevertheless given for completeness but are drawn in dashed lines. 
pair—symbols possible combined effects 
It 
t-
t* 
-1 
II 
._-."' 
^ Ч * * · ' * 
T a b l e 1 0 . 2 . Possible combined 
effects of the various individ­
ual actions as represented by the 
pair-symbols. The combined ac­
tions which are given by dashed 
lines are practically not expected 
but nevertheless are given for 
completeness. 
We now apply the above discussed pair-symbol system to the identification 
of the T l and T2 peaks. First of all we will translate the observed trends of 
the T l peak зла the T2 peak with the /ІП ratio and the input [SÌH4] as given 
in fig.10.4 into pair-symbols. After this the corresponding complex pairs can be 
deduced from table 10.1 from the similarity in symbol behaviours. The results are 
shown in table 10.3. There appears to be one possible candidate for the T l peak, 
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viz. VAÎ-ASGO which is a (D-D) complex and two candidates for the T2 peak, 
viz. V^i-SU« (D-Α) and V^-Sica (D-D). As is mentioned in the beginning of 
this section we have done this analysis for the case of Si-GaAs. In the case of 
Si-AlGaAs there could be two more possible point defects in the form of Ali and 
AU,. For the studied trends with the V/III ratio and the input [SÌH4], these 
two defects will behave similar to that of Ga¿ and Ga^,, respectively. Since these 
defects do not appear in table 10.3, neither the appearance of similar Al-point 
defects is to be expected. So only one candidate remains for the T l peak which 
is the ν
Λ ί
- Α 8
σ α
 or more generally the УА^-АЗЩ complex. 
Table 10.3. The results of the identification for the T l and T2 peaks based 
on the pair-symbol system. 
peak 
name 
Tl 
T2 
observed trends 
with 
V/III SiH4 
^ - ^ 
possible 
pair-symbols 
U -ι 
it U 
и η 
-ι ti 
resulting 
defect-pairs 
v A s - A s G a 
V A S " S¡AS 
S i G a - v A s 
no 
corresponding 
complex 
As for the assignment of the T2 peak it is surprising that in addition to the 
Vyn-Su« pair for the T2 peak, as already is deduced rather intuitively in section 
10.4, there is also another candidate, i.e. У
л
,-81<з
а
, which is able to explain the 
observed trends. The argument that may be in favour of the V^j-Si^, complex is 
that the decrease of the T2 peak intensity for increasing values of the /ПІ ratio 
is very strong ( fig.10.4b) which more likely would be expected from V^.-Su,, 
which has a pair-symbol " Ц " , than from V^-Sica with a pair-symbol of "jî". 
But this is not a decisive argument. 
10.6. Explanations for the electrical behaviour 
In section 10.3 we mentioned the abnormal transport behaviour of the (110) 
samples. It was shown that, compared with the samples grown on the (100)2o(110) 
and ( l l l ) G a orientations that were grown in the same runs, the (110) samples 
have a higher carrier concentration and lower mobility. Apparently the large 
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reduction of the carrier concentration due to the DX center, as is evident for the 
(100)2o(110) and ( l l l )Ga, is compensated for (110) by an electrical active donor 
center. It is found from the PL studies that the main difference between the 
(110) and the samples from the other two orientations is the appearance of the 
T l and T2 peaks, especially the T l peak is of importance because it is exclusively 
observed on (110). The T l peak has been identified to be associated with the V^,-
Asca (D-D) complex. The T2 peak is assigned to the V^-Si^, (D-Α) complex, 
or to the
 л
,-8і<;
а
 (D-D) complex. 
The difference in carrier concentration between the (110) orientation and the 
other two orientation, in our opinion may be explained by the presence of the 
T l and T2 complexes in the (110) samples. Although the ionization of these 
complexes is not known, we may assume that these defects contribute (partly) to 
the carrier concentration, in this way partly compensating for the influence of the 
DX centers. This explains the higher carrier concentration for (110) аз compared 
to (100)2o(110) and ( l l l )Ga, where only the DX centers are present (assuming 
that all 5і<з
а
 are in the form of DX). It seems likely that the expected donor 
activity from the complex centers in the (110) case most likely will come from 
the У,д,-51<7
а
 complex, which consists of a D-D pair. The D-D interaction will 
shift the shallow level of 5ία
α
 to a position deeper into the gap, but apparently 
in such a way that ionization still is possible. Also the л«-Аз<7
а
 complex may 
contribute. This can be seen for the mobility data (see next paragraph) which 
indicate that this complex is ionized. The alternative possibility for the T2-defect 
viz. д,-8ід, which consists of a D-Α combination is less likely to act as a donor. 
Finally the behaviour of η as a function of an increase in the V/UI ratio (fig.10.2a) 
and [SÌH4] (fig. 10.2c) might be explained as a result of a combined effect of the 
DX centers and the complex levels. 
The presence of these complexes should also account for the lower mobility 
values of the (110) samples. By comparing the mobility values with the Tl , T2 
peak intensities (fig. 10.2b with figs.l0.4a,b, and fig.10.2d with figs.l0.4c,d), a fair 
correspondence is obtained between the behaviour of the μ values and the PL 
intensity of the T l peak, i.e., a decrease in the PL intensity corresponds to an 
increase in the μ values, both for the /Ш ratio and for the psiHt cases. This 
means that ν
Λ ί
- Α 3
σ α
 which is a D-D complex must be singly ionized, as neutral 
pairs do not contribute significantly to scattering, whereas D + - D + pairs would not 
be stable. In our opinion it would be too speculating to say something about the 
ionization process of such a complex, because even the ionization energies of the 
individual defects, As^a and Ύ
Λί
, are not really known. The observed behaviour 
of μ and T l as a function of Хд/ as shown in the fig.10.2f and fig.l0.4e is not 
really consistent with this view. This may be explained by the large variations 
in the values of xAl which makes this comparison not really trustful. No clear 
relationship can be established between μ and the T2 peak intensity. Possible 
reasons why the mobility is not coupled to T2 (V^.-SU,, or V^i-Sice) are (t). 
PL and electrical studies of Si-AJ
x
Gai_
z
As grown on various orientations 137 
the concentration of this complex is too low, although in that case it must have a 
high luminescent efficiency to account for the nearly equal luminescent intensities 
as compared with Tl, and (i't). the T2 complex consists of a D+-A~ pair (a 
dipole), of which the scattering cross-section also is low [26]. This could favour 
the complex V^^-SU, instead of Уле-^кза· 
The reason why the T l peak (V^j-Asca) only is observed on the (110) sam­
ples at present is not really known. However a plausible explanation can be given 
based on a difference in the step or kink sites configuration at the growth front. 
When a silicon species is adsorbed, it probably is in the form of the radical SiHs 
where the two hydrogen bonds form an angle of 93° with a Si-Η bond length of 
1.52 A[27,28] (a normal Ga-As bond length in GaAs is 2.40 Á). One of the im-
portant growth steps at the (110) surface is along the [001] direction. The only 
position where Ga or As species can form two bonds - what is necessary for in-
corporation - is at the kink site in this step. As a result growth can only occur in 
a so-called zipper way. Similarly the incorporation of Si is expected to take place 
at the kink site, most probably at a Ga kink site since Sica > SÌA*· The intro-
duction of a SÌH2 unit at this Ga kink position not only may give way to steric 
hindrance due to the H-atoms, what can result in the creation of an As-vacancy, 
but also to a lattice distortion what may be compensated by the creation of an 
antisite defect (ASG 0) , see fig. 10.6. This steric hindrance on (110) is not expected 
for the growth species GaCHa and AsH or As [29] as these molecules have simpler 
molecular structures than SiHj. This type of steric hindrance neither is expected 
for SÌH2 on the (100)2°(110) and (l l l)Ga surfaces, because of an absence of the 
channel like [001] steps at these surfaces, i.e. the absence of the zipper like growth 
mode. 
[no] 
[001] 
- ^ Ga 
^ As 
^ SÌH2 
Fig.10.6. Schematic side view of an (110) surface. An adsorbed SÌH2 
molecule is present at the lattice site (Si<;a) of the [001] step. A distorted 
As atom is shown in dashed lines. 
138 Ciapter 10 
One essential point has not been clarified at all, i.e. what is the specific role 
of Al? As the formation of the Tl and T2 complexes are not directly related with 
Al, one might think that similar complexes may be present in Si-doped GaAs 
as well. However, PL measurements made on several Si-doped GaAs samples in 
the energy range of 1.1 to 1.6 eV - what is expected for the appearance of the 
corresponding Tl and T2 peaks in the Al^Gai-aAs - did not show any apparent 
difference between the (lOOj^HO) and (110) samples. The profound presence 
of the Tl and T2 complexes in the case of A^Ga^jAs may firstly be due to the 
presence of the DX centers which lowers the overall carrier concentrations to such 
an extent that the relatively small effect of
 л
,-А8са and д4-3і.да or V^j-Sica 
can be perceived, and secondly, due to the presence of Al itself which introduces 
some strain in the lattice because of the small lattice difference between AlAs and 
GaAs. This lattice difference makes the Al IGa1_ IAs material itself less stable 
than GaAs therefore leaves more room for the formation of point defects and 
complexes. 
10.7. Conclusion 
Based on a systematic study of Si-doped n-Al
z
Gai-
z
As as a function of 
SiH4 input mole fraction, /ПІ ratio and aluminum fraction, it is found that lay­
ers grown on an (110) substrate show abnormal results in electric behaviour. The 
carrier concentrations of the (110) layers are higher whereas the Hall mobilities 
are lower than those of the (100)20(110) and the ( l l l)Ga layers. In the photolu­
minescence spectrum two new peaks are observed in the (110) layers. One peak 
(Tl) is in the range between 1.71 and 1.80 eV, while the other peak (T2) varies 
between 1.80 and 1.86 eV. The T l peak exclusively has been found on the (110) 
layers while the T2 peak occasionally can be observed on the other two orienta­
tions. Based on a systematic analysis of the possible D-Α (donor-acceptor) and 
D-D (donor-donor) complexes, the Tl peak has been identified to be associated 
with a VAs-Asaa (D-D) complex. The T2 peak is related to a V^-SU, (D-Α) or 
to a V^j-Sico (D-D) complex. We have demonstrated the value of a pair-symbol 
analysis for such a peak identification. 
Based on these results an explanation could be given for the differences found 
in the electric measurements. The lower mobilities on the (110) layers are due 
to the presence of the complexes, especially the Tl complex, whereas the higher 
carrier concentration in the (110) layers may come from a combined contribution 
of the Tl and T2 complexes. 
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Chapter 11 
Deep level photoluminescence 
studies on Si-doped, MOCVD-grown 
A l x G a ^ A s 
Deep level photoluminescence (PL) studies were performed on Si-doped, 
MOCVD grown AlxGai-xAs as a function of the most important growth pa-
rameters. The SÌH4 input mole fraction, the /Ш ratio and the Al-fraction were 
varied over a wide range, resulting in net charge carrier concentrations η ranging 
between 1.8 χ 101β and 4.5 χ IO1 8 c m - 3 , Hall mobilities μ
№
 between 220 and 2400 
cm
2/Va and a solid Al-fraction χ between 0 and 0.72. Two novel PL-emissions for 
Al
x
Gai_
x
As in the energy range of 1.05-1.35 eV were recorded. By a systematic 
analysis of the growth conditions these emissions were attributed to S'iGa-SiA» and 
SiGa-Vaa complexes. The behavior of the broad PL-emission at 0.8 eV as a func­
tion of the growth parameters was studied systematically. It was demonstrated 
that this emission is not related to the DX center. Instead, there are strong indi­
cations that it should be attributed to an internal transition within a native, or 
oxygen-related defect. 
E.P. Visser, X. Tang, R.W. Wieleman and L.J. Giling 
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11.1. Introduction 
Al
x
Gai_
x
As is widely used for the fabrication of electronic and opto­
electronic devices. Thanks to the nearly perfect lattice matching with GaAs, 
a large variety of GaAs/Al
x
Gai_
x
As heterostructures can be grown using epitax­
ial growth techniques like Molecular Beam Epitaxy (MBE), Liquid Phase Epitaxy 
(LPE) or Metalorganic Chemical Vapour Deposition (MOCVD). By variation of 
the Al fraction χ in Al
x
Gai_
x
As the band-gap can be tuned between 1.42 (x=0) 
and 2.17 eV (x=l ) at room temperature. Several га-type and p-type dopants are 
available to control the electrical character of the layers. 
fi 
* Fig. 11.1. Schematic draw­
ing of the separation of the 
Г , Xe and Le conduction 
band minima from the va­
lence band maximum Fg, as 
a function of the Al fraction 
χ at room temperature. 
In general, the introduction of these dopant atoms into the GaAs or 
AlxGax-xAs lattice gives rise to shallow, hydrogen-like energy states in the for­
bidden gap. In GaAs, the electrically active levels are tied to the Γβ valence 
band maximum or the Fe conduction band minimum for acceptors and donors, 
respectively. In Al
x
Gai-
x
As, however, also the relative minima X
e
 and Le of the 
conduction band have to be considered (see fíg. 11.1). For χ » 0.4 the separation 
of the three conduction band minima from the valence band maximum is roughly 
equal, and for χ > 0.4 the Xe minimum has become the lowest one resulting in an 
indirect band-gap. The structure of the valence band, however, remains basically 
unaltered upon variation of x: for all χ the valence band maximum is represented 
by the Fg point. 
From this it follows that shallow acceptor levels, which are effective mass­
like superpositions of Fg valence band states, do not differ greatly for GaAs and 
Al
x
Ga1_xAs; only the x-dependence of the dielectric constant £ and the hole ef­
fective mass mjj should be taken into account. Donor impurities, on the contrary, 
show a fundamentally different behavior since, according to a theorem of Bassani 
Al-fraction (x) 
Deep JeveJ PL-studies oa Si-doped Al
x
Gai_
x
As 143 
et al. [l], they can be tied to any of the relative or absolute minima of the conduc­
tion band. Therefore га-type doping of Al
x
Gai_
x
As has been given much more 
attention than p-type doping both theoretically and experimentally. 
On the experimental level it is well known that a strong decrease of the net 
charge carrier concentration in r>-type Al
x
Gai_xAs occurs for χ > 0.2, irrespec­
tive of whether the donor dopant is on a Ill-site (Si, Sn) or on a V-site (Se, Te) [2] 
and independent of the growth technique used (LPE, MBE or MOCVD) [3]. This 
phenomenon has been ascribed to the presence of a deep donor state, firstly called 
the DX center by Lang et al. [4] in 1979. Since then, much effort has been devoted 
to identify its structure and its physical properties. Besides the above-mentioned 
decrease of the net charge carrier concentration also the observed persistent pho­
toconductivity (PPC) in AlxGax-xAs, which is pronounced for 0.20 < χ < 0.45, 
has been attributed to the DX center [4]. For the moment we will not go into a 
further description of the experimental phenomena attributed to the DX center, 
but we like to refer to the reviews given by Henning et al. [2], Bhattacharya [3] 
and Lang [5], in which most of the relevant literature is being discussed. 
In the theoretical descriptions of the DX center basically two fundamentally 
different approaches can be discerned. In an early paper [6] the DX center was 
considered to be a complex inducing a large lattice distortion, which was accord­
ingly described by a Configuration Coordinate (CC) diagram. The complex has 
been proposed to consist of a donor atom coupled to an As-vacancy [4]. A strong 
coupling to the lattice, resulting in a Huang-Rhys parameter of S = 75 was de­
rived [4]. Opposite to this treatment it has been proposed and experimentally 
verified [2] that ail donor levels, i.e. shallow and deep, should be attributed to 
simple substitutional donor atoms, whose energy states are tied to the Γ
θ
, Xe and 
L
e
 conduction band minima. In this way, four different donor levels D ^ D2, D3 
and D4 are considered for Si-doped Al
x
Gai_
x
As; Di is the commonly observed 
donor tied to the Γβ minimum, D2 corresponds to the Xe minimum, D3 and D4 
are two states tied to the Le minimum which have been split by the symmetry 
breaking of the cubic crystal field due to the introduction of a group Г element 
at a Hi-site [7]. These four levels have indeed been observed in photoluminescence 
spectra of Al
x
Gai_
x
As; in accordance with the ionization energy of « 200 meV 
the D4 level was identified with the DX center [7]. Its lattice relaxation was found 
to be small (S = 0.5). 
In more recent studies [8,9] the "band-structure model" (with the four ef­
fective mass-like donors Di, D2, D3 and D4) and the "large lattice relaxation 
models" have been reconciled by assuming a double-well ground state of the D4-
DX level which elucidates both the photoluminescence properties (a "shallow" 
transition at hu = 1.85 eV and a "deep" one at hu = 0.8 eV) and the observed 
photoionization energies (£,· = 0.2 eV and Ei = 0.8 eV). The assignment of the 
0.8 eV luminescence band to the DX level, however, will be questioned in the 
present paper. 
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In this work the attention is focused on the behavior of deep, radiative transi-
tions (hi/ < 1.5 eV) in Si-doped AlxGai_xAs, studied by a systematic variation of 
several growth parameters (SÌH4 input mole fraction, /ПІ ratio and Al-fraction) 
over a wide range. Although large numbers of PL studies have been performed 
on "shallow" transitions (band-to-band, bound excitons and transitions involv­
ing shallow donors and acceptors) hardly any data is available of deep radiative 
transitions. Only a small number of reports [8,10,11] on photoluminescence spec­
troscopy of AlxGat-xAs dealing with the emission band centered around 0.8 eV 
could be retraced by the present authors. Lower energy transitions have not been 
studied in these references, since the investigators used a Ge-detector having a 
long wavelength cut-off at about 0.75 eV. In the present study use was made of a 
liquid N3 cooled InAs detector having a nearly fiat response for 1 μιη < λ < 3μιη 
(0.41 eV < hu < 1.24 eV), allowing lower energy transitions to be recorded. 
The present study consists of a further investigation of the 0.8 eV PL-band 
especially in relation with theoretical models presented for the DX center, and 
an analysis of the PL-bands in the 1.05 — 1.35 eV interval. The latter energy 
region to our knowledge has not been studied for Al
x
Gai_
x
As. Identification 
of the emissions will be made on the base of a systematic analysis of the growth 
conditions, together with an extrapolation of PL-data on GaAs to the Al
x
Gai-
x
As 
case with χ ^ 0. 
11.2. Experiments 
The epitaxial layers were grown in a horizontal, atmospheric pressure, laminar 
flow MOCVD reactor which was resistance-heated at the bottom and water-cooled 
on top. A long entrance length was used to ensure the stabilization of both the 
temperature and velocity profiles of the incoming gas mixture. A description of 
the reactor can be found in ref. [12]. Ή2 was used as the carrier gas; trimethyl-
gallium (TMG), trimethylaluminum (TMA) and arsine (АзНз) served as source 
materials and silane (SÌH4) as the η-type dopant gas. The growth temperature 
was measured at the GaAs substrate surface using a calibrated optical pyrometer 
and was kept constant at 720 ± 5 0 C for all experiments. The total mole fraction 
of the group ΙΠ elements ([TMG] + [TMA]) was kept constant at 6.0 χ I O - 4 . 
AU epilayers were grown on semi-insulating, Cr-doped GaAs substrates of (100) 
orientation misoriented 2° toward (110). 
The growth parameters which have been varied are the SÌH4 input mole 
fraction (from 0.06 χ Ю - 6 to 12 χ 10~β), the /Ш ratio (from 10 to 82) and 
the [TMA]/([TMA] + [TMG]) fraction (from 0 to 0.62). The thickness of the 
grown layers varied between 3 and 11 μπι, depending on the sample position in 
the reactor. 
The electrical characterization was performed by Hall-van der Pauw mea­
surements at room temperature using a clover-leaf configuration. The photolumi-
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nescence experiments were carried out at 4.2 К in a conventional liquid He flow 
cryostat using the Λ = 488 nm line of a continuous Ar+ laser as excitation source. 
The PL spectra were recorded by a liquid N2 cooled InAs detector having an al­
most flat response in the 1 μπι < λ < З д т wavelength region, coupled to a single 
grating monochromator. The standard excitation power density was 10 W/cm2. 
The aluminum fraction χ in the grown layers was calculated using the peak energy 
of the near band-gap transitions. These higher energy signals were recorded by a 
photomultiplier with an SI response. 
11.3. Experimental results 
11.3.1. Electrical measurements 
The net charge carrier concentrations η and Hall mobilities дн were de­
termined for all epilayers. They were found to range between 1.8 χ 101β-
4.5 χ IO18 c m - 3 and 220-2400 cm2/Vs, respectively. The net charge carrier con­
centrations η as a function of the growth parameters are presented in figs. 11.2a-c. 
In these figures only data points belonging to epilayers grown at the same posi­
tion on the heated susceptor (2 = 9 cm downstream from the beginning of the 
susceptor) are given for room temperature. The straightforward interpretation 
of the observed trends in the net charge carrier concentration is: η increases 
as a function of the SÌH4 input mole fraction, but a saturation is observed for 
[SÌH4] > 2 x 10~e (fig. 11.2a). This saturation is ascribed to the formation of 
Si-precipitates in the epilayer [14]; The slight increase of η with increasing /Ш 
ratio (fig. 11.2b) may be attributed to the increased availability of ΙΠ-sites relative 
to V-sites, which favors the incorporation of Si as a donor; Finally, the remarkable 
lowering of the net carrier concentration around the band-gap cross-over, most 
commonly attributed to the influence of DX centers, can be observed in flg. 11.2c. 
The horizontal axis of this figure represents both the Al-fraction in the gas phase, 
given by χ,, = [TMA]/([TMA]+[TMG]), and the solid Al-fraction x,. 
X R 
0.15 
0.30 
0.46 
0.62 
Xe 
0.28 ± 0.01 
0.40 ± 0.03 
0.68 ± 0.05 
0.72 ± 0.05 
T a b l e 1 1 . 1 . Comparison of the input 
Al-fraction in the çae phase Xg and the 
solid Al-fraction x , in the A l z G a i _ z A e 
epilayers. 
The numerical values of xK and x, can be found in table 11.1. The observed 
enhancement of the Al fraction xe in the epilayer relative to the gas phase ratio 
xE has been explained by the larger strength of the Al-As bond compared to the 
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V/Ill 
Fig. 11.2. Net charge carrier concentra­
tions Π for various A l
x
G a i _
z
A e samples as 
a function of the growth parameters, deter­
mined by Hall measurements at room tem­
perature. 
(a) Variation of the SÌH4 input mole frac-
tion. Xg = 0.3, V/I I I=20; 
(b) Variation of the V/III ratio. 
[SiH4|=0.29X 1 0 ~ e , xa = 0.3; 
(c) Variation of the xff. [SiH4|=0.29X 1 0 ~ β , 
V/III=20. The solid Al-fraction x , is indi­
cated by squares, the Al-fraction in the gas 
phase χ
σ
 by circles. 
Ga-As bond, which favors the desorption of Ga atoms at the crystal surface [15]. 
11.3.2. P h o t o l u m i n e s c e n c e of the 1.05-1.35 eV emiss ion bands 
PL-spectra in the 0.9-1.5 eV interval recorded for epilayers grown with differ­
ent SÌH4 input mole fraction are presented in fíg. 11.3. This dopant mole fraction 
has been increased from [SÍH4] = 0.06 X 10"6 (curve o) to [SÍH4] = 12 χ 10~6 
(curve ƒ) for fixed xg = 0.3 and /ПІ = 20. All spectra were recorded using 
the standard excitation power density of 10 W/cm 2 . The spectra are presented 
in such a way that the intensities of the high-energy part of curve a have been 
arbitrarily set to 1; the factors by which the other (weaker) signals have been 
multiplied are shown in the figure. 
For the interpretation of spectra with hi/ < -Egap.GaA« ^ should be noted that 
both the Al
x
Gai-xAs epilayer and the GaAs substrate contribute to the total lu­
minescence intensity. This is demonstrated in fig. 11.3 for the Al
x
Gai_
x
As layer 
with the lowest SÌH4 input mole fraction ([SÌH4] = 0.06 χ I O - 6 ) by the clear pres­
ence of the ( D 0 , A 0) transition in GaAs with Сд» as acceptor (curve a, peak 1). 
Keeping in mind that the recorded spectra are superpositions of Al
x
Gai_
x
As-
epilayer and GaAs-substrate signals, the assignments were given as follows. 
1 0 - 7 ι0-β 10-5 
[SiH«] (mole fraction) 
10" 
10" 
0.0 0.2 0.4 0.6 0.8 1.0 
Al-fraction 
Deep ievei PL-studies on Si-doped Al
x
Gai_
x
As 147 
Z3 
Ό 
(Л 
С 
О) 
Ι ι ι 1 ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι'ГТ ι |Ί Г 
9 1.0 1.1 1.2 1.3 1.4 1.5 
energy (eV) 
2: 
3: 
4: 
p i : 
^ A . 
M n G o 
C"* 
LO.CCu^) 
1.331 eV 
1.325 eV 
1.318 eV 
1.280 eV 
1.048 eV 
Fig. 11.3. PL-spectra in the 0.9-1.5 eV interval for A l
z
G a i _
z
A e epilayere 
grown with different SÍH4 input mole fraction. For all eamplee χ
σ
 = 0.3 and 
V/III=20. The excitation power density was 10 W/cm in all cases. The 
spectra are presented in such a way that the intensities of the high-energy 
part of curve α have been arbitrarily set to 1; the factors by which the other 
(weaker) signals have been multiplied are shown in the figure. The base­
lines correspond to zero intensity. (D ,A ) transitions originating from the 
GaAs substrate marked in the figure involve the following acceptors: C^, : 
1.492 eV, Mnoa· 1.406 eV, С и с
а
: 1.356 eV and its LOi phonon replica at 
1.320 eV. The peaks marked Pi-Pfi correspond to epilayer transitions. 
(a) [ S i H 4 | = 0 . 0 6 X 1 0 - e ; (6) [ S i H ^ O . l S X l O - « 5 ; (c) [ S i H 4 ] = 0 . 2 9 X 1 0 - e ; 
(d) [ S i H 4 j = 0 . 8 X 1 0 - e ; (e) | S i H 4 | = 5 X 1 0 - e ; (f) [SiH4| = 1 2 X 1 0 " e . 
Firstly, the peaks marked 2 and 3 in curve α are attributed to recombinations 
in the GaAs substrate caused by (D 0 ,A 0 ) transitions with Мпа
а
 and CUQ» as 
acceptors [16]. Peak 4 is the phonon-replica of peak 3. The assignment of these 
peaks to GaAs transitions, and not to recombinations in the Al
x
Gai_
x
As epilayer, 
could be made by comparing the spectra of fig. 11.3 with those recorded at GaAs 
substrates of which the Al
x
Gai-
x
As epilayer had been etched away. Next, it can 
be seen in curve α that peaks 2, 3 and 4 are superimposed onto a broader peak 
centered around « 1.34 eV. It followed from comparison with the substrate spectra 
148 Chapter 11 
that this broad emission should be attributed to Al xGai- xAs. In the present 
study the following procedure was used to disentangle the AlxGai-xAs-epilayer 
and GaAs-substrate spectra: Firstly, the as-recorded spectra were compared with 
those taken from substrates of which the epilayers had been etched away. Secondly, 
in case doubt still existed, a bevel was made on top of the substrate-epilayer 
system, after which spectra were recorded using a focused laser beam scanned 
from the epilayer side on the bevel toward the bare substrate. 
Comparison of the spectra presented in fig. 11.3 shows that the increase of 
the SÌH4 input mole fraction leads firstly to an enhancement of the PL intensity of 
the emission and a small shift toward lower energy (curves α to d: multiplication 
factor decreases from 40 to 3, [SiH*] increases from 0.06 χ 10~β to 0.8 χ Ю - 6 ) . 
Upon a further increase of the SÌH4 concentration, however, the peak intensity 
is not enhanced anymore, but a shift toward lower energy still occurs (compare 
curve e and d). For the highest SÌH4 input mole fraction of this series (curve ƒ: 
[SÌH4] = 12 x 10 _ e ) the 1.3 eV emission seems to have disappeared, and a new 
emission at » 1.05 eV has emerged. As a consequence of the disappearance of 
the 1.3 eV emission the GaAs-substrate spectrum is again visible superimposed 
on curve ƒ. 
The spectra from growth runs in which the x,, was varied are presented in 
fig. 11.4. The Al-content in the growth gases was increased from x,, = 0 (curve a) 
to Xg = 0.62 (curve c). For all samples the silane input mole fraction and the /ПІ 
ratio were kept constant at [SÌH4] = 0.29 χ 10~β and V/III = 20. Comparison 
of these spectra with spectra from GaAs substrates now leads to the conclusion 
that the peaks marked P1-P5 correspond to epilayer transitions. 
It is seen in fig. 11.4 that the increase of the Al-content in the epilayer, and 
the corresponding increase of the band-gap, first leads to a shift toward higher 
energy of the peak position (compare curves α and b). Upon a further increase 
of the Al-fraction, however, the peak energies have shifted back to lower values 
(compare curves c, d and e). A discussion of this phenomenon will be given in 
section 11.4. Furthermore it can be noticed that for the two lowest Al-fractions 
(x = 0 and χ = 0.28; see table 11.1) the luminescence intensities are about an 
order of magnitude higher than for the highest Al-fractions (x = 0.40, χ = 0.68 
and χ = 0.72; see table 11.1). 
Fig. 11.5 shows the influence of the /ПІ-ratio variation on the characteristics 
of the photoluminescence band considered. The V/III-ratio has been increased 
from 10 to 82, while the SÌH4 input mole fraction and the x,, were kept constant 
at 0.29 χ 1 0 - e and 0.3 respectively. Although the spectral changes are not so 
pregnant as in the former cases of input [SÌH4] and Xp variation, it can be noted 
in fig. 11.5 that (i) the luminescence intensity is about an order of magnitude 
higher for the lowest V/III-ratio ( /ІП = 10, curve a) compared to the higher 
ones ( /ПІ=20, 31 and 82; curves 6, с and d respectively) and (ii) that a shift 
toward lower energies of the peak values occurs for increasing /ПІ-ratio. 
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P,: 1.190 eV 
P2: 1.335 eV 
P3: 1.325 eV 
P.: 1.271 eV 
energy (eV) 
1.248 eV 
Fig. 11.4. PL-epectra in the 0.9-1.5 eV interval for A l ^ G a i - x A s epilay-
ere grown with different xff. For all eamplee [SÌH4J = 0.29 X 10 and 
V/I I I=20 . The excitation power density was 10 W / c m in all casee. The 
vertical scale and the multiplication factors shown in the figure have been 
defined in the same way as in ñg. 11.3, so the spectra can be quantitatively 
compared. The base-lines correspond to aero intensity. The peaks marked 
P1-P5 correspond to A l z G a i _ x A e epilayer transitions. 
(a) xg = 0; (6) x„ = 0.15; (c) χ , = 0.30; (d) x,, = 0.46; (e) xg = 0.62. 
11.3.3. Photoluminescence of the 0.8 eV level. 
Fig. 11.6 shows the PL-spectra of the 0.8 eV level recorded for epilayers 
grown with different SÍH4 input mole fraction for the same parameter settings as 
in fig. 11.3. It can be seen that the PL-intensity of this emission band decreases 
for increasing SÍH4 input. For the highest SÍH4 concentrations (curves d, e and ƒ) 
the PL-signals with energy smaller than » 0.9 eV consist of the weak background 
photoluminescence originating from the GaAs substrate. At the high energy side 
of curves d, e and ƒ again the emissions emerging for high SÌH4 input concentrar 
tions already shown in fig. 11.3 can be seen. It should be noted that the shape 
of the emission is distorted at the high energy side due to absorption of lumines-
cence radiation at 0.90 eV by HjO vapor along the optical path of the detection 
system. This was indeed proven to be an artefcict by using a Fourier Transform 
Infrared (FTIR) spectrometer for recording an absorption spectrum of air in the 
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Fig. 11.5. PL-spectra in the 0.9-1.5 eV interval for A I
x
G a i _
z
A s epilayers 
grown with different V/HI-ratio. For all samples [SÌH4] = 0.29 X 1 0 - e 
and Xg = 0.3. The excitation power density was 10 W / c m in all cases. 
The vertical scale and the multiplication factors shown in the figure have 
been defined in the same way as in fige. 11.3 and 11.4, so the spectra can 
be quantitatively compared. The base-lines correspond to zero intensity. 
The peaks marked P1-P4 correspond to AixG&i—xAa epilayer transitions. 
(a) V/III = 10; (6) V/III = 20; (c) V/III = 31; (d) V/III = 82. 
corresponding energy interval. 
Until now, only the influence of the SÌH4 input concentration, the Xç fraction 
and the /Ш ratio have been considered, and no attention was paid to the position 
of the samples on the heated susceptor. It has been shown for silane doping in 
MOCVD growth of GaAs [14], however, that high Si concentrations are found 
in epilayers grown at downstream positions on the susceptor and that a decrease 
occurs in the upstream direction. This has been ascribed to the strong depletion of 
the Ill-growth component relative to the SÌH4 concentration in the downstream 
direction. The same phenomenon occurs in AIxGai_xAs growth: an increase 
of the net charge carrier concentration η was observed in the present study for 
downstream susceptor positions. From fig. 11.6 it follows that the strength of 
the 0.8 eV emission is oppressed at high Si concentrations. In order to obtain 
additional support for this assumption, a comparison of spectra for epilayers grown 
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Fig. 11.6. PL-spectra in the 0.5-1.1 eV 
interval for AlxGai— xAa epilayere grown 
with different SÌH4 input mole frac-
tion. For all eamples xff = 0.3 and 
V/III=20 . The excitation power density 
was 10 W / c m in all cases. The verti-
cal scale and the multiplication factors 
shown in the figure have been defined in 
the same way as in figs. 11.3-5, so the 
spectra can be quantitatively compared. 
The base-lines correspond to zero inten-
sity. The peaks marked P i and Ρ2 cor­
respond to A l g G a i - z A s epilayer transi­
tions. The downward arrow shown in 
curve a at 0.9 eV indicates the distor­
tion of the spectrum due to absorption 
by H2O vapor along the optical path. 
(а) [ S i H 4 ] = 0 . 0 6 X 1 0 ~ 6 ; 
(б) [ S i H 4 ] = 0 . 1 3 X 1 0 - e ; 
(c) [ 5 І Н 4 | = 0 . 2 9 Х 1 0 - ; 
(d) [ S i H 4 ] = 0 . 8 X 1 0 " e ; 
(e) [ S i H 4 ] = 5 X 1 0 " e ; 
(ƒ) [S iH4 |=12X10" e . 
at different susceptor positions has been made. Fig. 11.7 shows the PL-spectra 
for the lowest SÌH4 input concentration ([SÌH4] = 0.06 X 10 - 6 ) at 6, 9 and 12 cm 
from the beginning of the susceptor (curves c, b and α respectively). It is again 
clear that the PL-intensity of the 0.8 eV emission is anti-correlated to the 8 і с
а 
donor concentration in the epilayer (which increases in the direction с —• b —• 
a). Oppositely, it was observed for all settings of the input parameters that the 
intensities of the emission bands around 1.3 eV of figs. 11.3-5 increased for the 
higher SiQa concentrations at downstream susceptor positions. 
Figs. 11.8 and 11.9 show the results obtained by variation of the x^. Unlike 
in fig. 11.4, where the results were presented in one figure, the spectrum for 
χ = 0, i.e. the GaAs epilayer, is now shown in a separate figure (fig. 11.8) with 
an enlarged energy-axis. This spectrum is identical to the spectrum of the Cr-
doped GaAs substrate: clearly visible are the emission at 0.839 eV (Pi) which has 
been attributed to a transition involving Crea [17] and its first order TA phonon 
replica at 0.830 eV ( P 2 ) . Curves 6, c, d and с in fig. 11.9 are the Al x Gai_ x As 
spectra for epilayers with Al-contents of χ = 0.28, 0.40, 0.68 and 0.72, respectively. 
Comparison of these spectra and the GaAs spectrum of fig. 11.8 leads to the 
conclusion that the 0.8 eV emission is absent in GaAs epilayers, and is enhanced in 
Al
x
Gai_
x
As layers with increasing Al-fraction. Moreover, unlike for the « 1.3 eV 
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Fig. 11.7. PL-spectra in the 0.5-
1.1 eV interval for A l z G a i - ^ A s epilay-
ers grown at different susceptor poei-
tione. [S iH4 |=0 .06X10" e , Xg = 0.3 and 
V/III=20 . The excitation power density 
was 10 W / c m in all cases. The verti-
cal scale and the multiplication factors 
shown in the figure have been defined in 
the same way as in figs. 11.3-6, so the 
spectra can be quantitatively compared. 
The base-line corresponds to zero inten-
sity. 
(a) Epilayer grown at E Í U Í 0 = 1 2 cm from 
the leading edge of the susceptor; 
(b) Epilayer grown at s < U j c = 9 cm; 
(c) Epilayer grown at т.,
и
,
с
=в cm. 
emission band described in the previous section, no obvious shifts of peak position 
of the 0.8 eV emission occur upon variation of the band-gap or the Si content. 
This point will be discussed further in the next section. 
The spectra for /ІП ratios of 10, 20, 31 and 82 are presented in fig. 11.10 
(curves a, 6, с and d respectively). No specific trend is observed in comparing 
these spectra. The only remarkable fact is, just as in fig. 11.5, that for the lowest 
/ПІ ratio (V/III=10, curve o) the PL-intensity is about an order of magnitude 
higher than for the other /ІП ratios. 
Finally, it should be noted that emission bands with an energy lower than 
0.8 eV (down to 0.4 eV, which is the low energy cut-off of the detector) have 
not been found for any sample investigated. This means, for instance, that the 
emission band centered around 0.65 eV, which is generally attributed to EL-2 in 
GaAs, is not present in our samples. 
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Fig. 11.8. PL-spectrum around 0.8 eV for the epilayer grown with x 0 = O , 
[SÌH4] = 0.29 X I O - 6 and V/III=20 . The excitation power density was 
10 W / c m 2 . The vertical scale and the multiplication factor shown in the 
figure have been defined in the same way as in figs. 11.3-7, so the spectra 
can be quantitatively compared. The base-line corresponds to tero inten-
sity. The spectrum is identical to spectra taken from the Cr-doped GaAs 
substrates. P i is the ксго-phonon line of a transition involving CrcTa [17). 
Ρ2 is its first order TA phonon replica. 
11.4. Discussion 
11.4.1. The 1.05-1.35 e V emission bands 
An identification of the Al
x
Gai-
x
As transitions in the spectra of figs. 11.3-
5 can be given by analysis of the influence of the different growth parameters. 
Fig. 11.3 shows the clear enhancement of the « 1.3 eV radiation for increasing 
SÍH4 mole fraction. This indicates that the transition involved is related to Si. The 
most simple case would be a transition only involving substitutional Si on a ΠΙ-
site (donor) or a V-site (acceptor). For ease of language we will call these Ga-sites 
and As-sites, respectively, keeping in mind that a Ill-site can also be occupied by 
an Al-atom. Such an assignment, however, would not be correct for the following 
reasons. The solid Al-fraction of χ « 0.40 for the epilayers considered in fig. 11.3 
leads to a band-gap E
s
 = E{TQ) - E(T
a
) = 2.01 eV [18]. The donor binding 
energy as a function of the solid Al-fraction χ has been determined by Dingle et 
al. [19]. Its value, which equals 6 meV in GaAs, was found to reach a maximum 
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Fig. 11.9. PL-Bpectra in the 0.5-1.1 eV 
interval for Al
z
Gai—
χ
Αβ epilayers grown 
with different Xg. For all samples [SÍH4I 
= 0.29 X 10"e and V/III=20. The ex-
citation power density was 10 W/cm 
in all cases. The vertical scale and the 
multiplication factors shown in the fig-
ure have been defined in the same way 
as in fig. 11.3-8, so the spectra can 
be quantitatively compared. The base-
lines correspond to zero intensity. 
(6) x,, = 0.15; 
(c) x„ = 0.30 
(Η) Xg = 0.46 
(β) χ,, = 0.62. 
of и 60 meV near χ « 0.45, followed by a decrease to » 30 meV as χ approaches 
1. Acceptor binding energies as a function of χ can be found in [20]. For SÌA« 
the binding energy to the valence band maximum, Pg, equals Ea = 63 meV for 
χ = 0.40. These values, and the above-mentioned value of the band gap, show that 
the transition with lowest possible energy (which would be the (D 0 , A0) transition 
with Sica a·11«! SÌA» as donor and acceptor, respectively) has hv « 1.89 eV. This is 
remarkably higher than the recorded value of « 1.3 eV. Therefore, a Si-containing 
complex should be involved in the observed transition. Also the large width of 
the peaks strongly indicates that in the transition a complex is involved. 
Photoluminescence data of deep complexes in AlxGai_xAs are scant. 
Imenkov et al. [21] have assigned a PL transition to a (rather shallow) acceptor 
complex with ionization energy of 75 ± 10 meV independent of the aluminum 
concentration for 0.05 < χ < 0.35. The complex was dominating in n-type 
Al
x
Gai-
x
As and was proposed to be ЗІАв- лв· Ьі the present study this transi­
tion was not observed for any sample. Nor was it found in an extensive study on 
"shallow" acceptors (Eion < 100 meV) in Si-doped А1
х
Са1_хАз by Swaminathan 
et al. [22]. 
In GaAs, photoluminescence of deep complexes has been reported by several 
authors [16,23-25]. Two complexes involving Si have been identified, viz. Siaa-
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Fig. 11.10. PL-epectra in the 0.5-1.1 
eV interval for A l z G a i - z A s epilayers 
grown with different V/III-ratio. For 
- β 
all samples [SÌH4] = 0.29 Χ 1 0 - Ό and 
Xg = 0.3. The excitation power density 
was 10 W/cm 2 in all cases. The verti­
cal scale and the multiplication factors 
shown in the figure have been defined in 
the same way as in figs. 11.3-9, so the 
spectra can be quantitatively compared. 
The base-lines correspond to вего inten­
sity. 
(a) V/III = 10; (b) V/III = 20; (c) V/III 
= 31; (<f) V/III = 82. 
C u G a at a PL-energy of 1.27 eV [16,23] and Sica-Vca at 1.18 eV [24]. The 
Cu-containing complex can be excluded for our Al
x
Ga1_KAs samples, since in 
non of the spectra the PL-peak due to substitutional Cuca bas been observed; 
this peak should always be strongly present whenever the Sica-Cuca complex is 
observed [16]. Therefore, the present emission observed in the GaAs spectrum 
of fig. 11.4 (curve a) very likely can be attributed to the Sioa-Vca complex. Its 
peak position matches well with that reported in ref. [24]. 
The Al
x
Gai_
x
As spectra of fig. 11.4 (curves b-e) can be compared to the 
GaAs spectrum (curve o). Since the growth conditions have been exactly equal 
except for the TMA content in the growth gases, an extrapolation of the χ = 0 
case to χ ^ 0 is highly justified. This leads to the assignment of the Sioa-Vca 
complex to the Al
x
Gai_
x
As emissions of curves b-e. 
The assignment of the unknown emission band to the Sioa-Vcsa complex 
fits well into the characteristic trends in the spectra: As is clear from fig. 11.3, 
the PL-intensity of the complex firstly increases as a function of the SÌH4 in-
put concentration (curves a to <f), but for still higher concentrations no increase 
is observed anymore (compare curve d and e). For the highest concentration 
([SÌH4] = 12 x 1 0 - e ) the emission has even disappeared (curve f). This satura-
tion effect may be explained as follows. Firstly the concentration of the defect 
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increases since the Sica concentration increases for higher SiH* input. Gradually, 
however, no Ga-vacancies will be available anymore to form the complex, since 
they have been occupied by Si-atoms already. This explains the saturation and the 
disappearance of the SÌGa-VGa complex for the highest SiH* input concentrations. 
The shift toward lower energy for high SÌH4 concentrations may be attributed 
to the compensated character of the epilayers. It has been shown [26-30] that in 
compensated samples (our AlxGai_xAs epilayers are indeed compensated; both 
Sica acceptors and SiAe donors are present) transitions occur between carriers 
localized in spatially separated wells due to fluctuations in concentrations of the 
donors and acceptors (hand-tailing). This leads to an effective band-gap lowering. 
This effect can even be so strong that the peak energy of pair transitions drops 
below Eg - (Ea + Ed) [26]. 
The disappearance of the Sica-Vea complex for the highest SiH4 input con-
centration is accompanied by the emergence of a broad, lower energy emission with 
a peak energy of » 1.05 eV (curve ƒ, fig. 11.3). In finding a proper identification 
of this new emission it should be noted that the Si concentration is high and that 
even Si precipitates have been formed [14]. Therefore SiGa atoms remain present 
in the solid; their concentration may even have increased for this high SÌH4 con-
centration. Gallium vacancies, however, could have been occupied by additional 
Si-atoms. Therefore, the most simple line of thought is to replace the gallium va-
cancy in the SÌGa-VGa complex by a species which is likely to be enhanced at high 
SÌH4 concentrations. The most likely candidate is Si^,, since the compensated 
character of the samples implies that also the SÌA» concentration increases as a 
function of the SÌH4 input concentration. The new emission therefore may tenta-
tively be ascribed to the SiGa-SiAa complex. The presence of this complex may 
be considered as the first step in the formation of Si precipitates. The complex 
should easily be formed at the growth temperature, since both constituents are 
shallow impurities which are ionized at the growth temperature, so the complex 
can be held together by Coulombic forces. On the other hand, however, it is not 
clear whether such a complex should have a high luminescence efficiency. Further-
more, to our knowledge no radiative transitions involving the SiGa-SiA« complex 
have been reported until now, not for GaAs neither for AlxGai_xAs. Additional 
experiments with even higher SÌH4 input concentrations should be carried out to 
arrive at more conclusive statements. 
In order to explain the somewhat peculiar shifts in peak energy upon varia-
tion of the Al-fraction (a shift toward high energy upon increase of χ for the low 
Al-fractions, followed by a lowering of the peak energy for higher χ values, see 
fig. 11.4) one should consider the exact nature of the photoluminescence transition 
involved. In the first report on this luminescence in GaAs [24] the complex was 
considered as consisting of a Sica donor and a VQ» acceptor as next-nearest neigh­
bors held together by Coulombic forces. The observed emission was proposed to 
be caused by an internal transition between an excited state and the ground state 
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Fig. 11.11. Configuration coordinate 
(CC) model proposed in ref. [24] to 
describe the self-activated luminescence 
of the Si<3
a
-V<3
a
 donor-acceptor (D-A) 
complex in GaAe. The positions of A 
and D in this figure correspond to en­
ergies shifted by the Coulombic interac­
tion. The energy lowering of the PL-
emission compared to the separation of 
the isolated donor and acceptor level 
therefore contains both the Coulombic 
interaction term and a correction caused 
by the lattice relaxation. Q is the lattice 
coordinate. 
of the complex. The low energy involved (which is much lower than the typical 
energies for (D 0, A0) transitions in GaAs) was explained by the lattice relaxation 
of the excited state. The corresponding CC-diagram is shown in fig. 11.11. This 
model was put forward in analogy with the successful CC-model for the descrip­
tion of self-activated luminescence in ZnS by Prener et al. [31], which explains the 
luminescence of a complex consisting of a Zn-vacancy (acceptor) and a group Ш 
or group П donor atom in ZnS. 
> 4 
с 
0) 
Ai-fraction (χ) 
Fig. 11.12. Extrapolation of the 
model described in fig. 11.11 to the 
A l
z
G a i - x A s case with χ ^ 0 . The x-
dependence of the (isolated) donor bind­
ing energy Ed was taken from ref. [19]. 
By A* we designate a virtual level which 
describes the separation of the Voa 
acceptor from the valence band, cor­
rected for the lattice relaxation and the 
Coulombic interaction within the Si<7
a
-
Vca complex. The arrows indicate the 
energy involved in the radiative transi­
tion. 
Extrapolation of the above model to the SiGa-VGa luminescence in 
Al
x
Gai_
x
As leads to the situation vbualized in fig. 11.12. The x-dependence 
of the (isolated) donor binding energy Ed was taken from ref. [19]. By A* we des­
ignate a virtual level which describes the separation of the VQ» acceptor from the 
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valence band, corrected for the lattice relaxation and the Coulombic interaction 
within the SiGa-Vca complex. By assuming a more or less linear x-dependence 
of the separation between A* and the valence band, we can explain the observed 
energy shifts of fig. 11.4: for low x-values the position of the r
e
-bound donor 
level rises faster upon increase of χ than the binding energy of A* resulting in an 
increase of the PL-energy; for higher x-values, however, the rise of the X6-bound 
donor level is less than that of A*, whence the decrease of PL-energy. 
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Fig. 11.13. "Binding en­
ergy" of the S i c e - V c com­
plex as a function of the 
Al-fraction χ (for interpreta­
tion, see section 11.4). The 
values were calculated using 
the donor binding energies 
and the x-dependence of the 
band-gap given in ref. [19|. 
The dashed line corresponds 
to acceptor binding energies 
based on effective mass the­
ory [32|. 
The "binding energy" of the virtual level A* as a function of the solid Al-
fraction χ is presented in fig. 11.13. The values were calculated using the x-
dependence of the donor binding energy and the band-gap of ref. [19]. The sug­
gested linear dependence on χ is indeed found. The dashed line indicates the 
x-dependence of the acceptor binding energy based on effective mass theory [32]. 
It is seen that the binding energy of A* is by no means described by the ef­
fective mass approximation. This indicates that large lattice relaxations and/or 
Coulombic interactions within the 8іс
а
- са complex are involved. 
In the above we have used the original model [24] of self-activated lumines­
cence within the Sica-Vca donor-acceptor complex, extended to the Al
x
Ga1_xAs 
case. However, a completely different description, not based on a large lattice 
relaxation and an internal transition can also be put forward. Again, we consider 
the complex as being composed of the positively charged SiQa atom and the neg­
atively charged Ga-vacancy: 8іаа+- с а - · Now we assume that this complex as 
a whole can be negatively ionized by taking an electron from the valence band: 
( S Ì G a + - V G a - ) 0 + e ( S Ì G a + - V G a - ) " (11.1) 
In this view, the complex as a whole is treated as an acceptor which can participate 
in the conventional (D0,A0) and (e,A0) transitions. A completely equivalent 
Deep level PL-studies on Si-doped Al xGai_ xAs 159 
description is obtained if it is assumed that the G a-vacancy within the complex 
can be doubly ionized, leading to: 
SÌGa+ - V G a - + e -» S i G a + - V Q , - - . (11.2) 
The low energy involved in the PL transition can now be attributed to the large 
separation of the second ionization level of V Q » from the valence band (see ref. [33] 
for a further discussion of this model). In ref. [34] the Cuca-i*» acceptor asso-
ciate in GaAs, consisting of Cuoa as the acceptor and an interstitial Li atom as 
the donor, has been discussed. The observed photoluminescence was attributed 
to free-to-bound and donor-acceptor recombinations with the Сис
а
-2лі complex 
acting as acceptor [34]. If the same description would be used for the 8 і
а а
-
 С а 
luminescence extended to the A l
x
G a i -
x
A s case, the observed x-dependence of 
the peak energy can again be explained by the situation depicted in fig. 11.12. 
Now A* should not be considered as a virtual level, but as the real position of 
the SiGa-Vca acceptor level relative to the valence band. The calculated binding 
energy as a function of x, shown in fig. 11.13, should now be interpreted as the 
ionization energy of the Sica-Vca complex. The large deviation from effective 
mass theory should not be attributed to lattice relaxation terms, as in the for­
mer interpretation, but to a large central cell correction needed to describe the 
complex. 
It was seen in fig. 11.5 that the peak energy of the Sica-Vca emission shifts 
toward low energy for increasing V/III ratio. This shift is remarkable for /ІП = 
10 and /ПІ = 20, but less significant for higher /ІП ratios. Since no great 
differences exist in net charge carrier concentrations between the different / Ш 
ratios (see fig. 11.2b) it is not likely that the shift should be attributed to higher 
Sioa concentrations for increasing /ПІ ratios. The present authors could not 
find a straightforward explanation for this phenomenon. 
11.4.2. The 0.8 eV level. 
To our knowledge, until now the PL emission centered around 0.8 eV in 
A l
x
G a i -
x
A s has been attributed to the DX center by all investigators. A theo­
retical interpretation has been presented by Montie et al. [8] and Henning et al. [9]. 
As was already mentioned in the introduction of the present paper, these authors 
introduced the idea of the bistable character of the DX center corresponding to a 
double well ground state. Both wells are coupled to the L-minimum. The 0.8 eV 
transition was proposed to occur between the ground state of the lowest well 
(having the highest lattice relaxation) and a shallow acceptor level (see fig. 11.14). 
Opposite to this view, it was very recently argued [ll] by comparing PL and 
Electron Paramagnetic Resonance (EPR) data that the 0.8 eV radiation should 
be attributed to an internal transition between an excited state and the ground 
state of the DX center, not involving the valence or conduction bands or shallow 
impurities (see fig. 11.15). In this model, no assumption of large lattice relaxation 
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Fig. 11.14. Configuration coordinate di-
agram of the "double well ground state" 
model for the DX center presented in 
refs. [8] and [9]. Both wells are sup-
posed to be tied to the LQ conduction 
band minimum. The 0.8 eV lumines-
cence occurs due to transitions between 
the lowest well (with the largest lattice 
relaxation) indicated by DX and a shal-
low acceptor level (A) . The higher en-
ergy transition at 1.85 eV has also been 
observed in PL-spectra [7|. Q is the lat-
tice coordinate. 
Fig. 11.15. Configuration coordinate dia-
gram of the small lattice relaxation model 
for the DX center presented in ref. [11]. 
The low energy transition (0.82 eV) occurs 
between an excited state and the ground 
state of the DX center. The high energy 
one (1.64 eV) between the ground state 
and the valence band. Q is the lattice co-
ordinate. 
is made. Both the low and the high energy transition are described within a small 
lattice relaxation model. 
The experimental results of the present study concerning the 0.8 eV transition 
may be summarized as follows: (i) The strength of the emission is anti-correlated 
with the Si concentration. This was observed for samples from growth runs with 
different SÌH4 input concentrations as well as for epilayeis grown in the same 
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run at different susceptor positions, (ii) The peak position and the full width 
at half maximum (FWHM) were found to be highly independent of the band-
gap, the Si concentration, the susceptor position and the /Ш ratio. In order 
to express this constancy quantitatively, we calculated the mean and standard 
deviation of the FWHM and the peak energies for 18 cases in which the 0.8 eV 
emission was clearly present. This resulted in E
m
 = 0.8136 ± 0.0015 eV and 
FWHMm = 141.7 ± 0.8 meV. The indicated errors are standard deviations of 
the mean. It should be noted that in determining the FWHM a small graphical 
correction was introduced in order to account for the H2O absorption dip at » 
0.90 eV. After this correction the peak shape was found to be highly symmetrical 
in all cases, (iii) The strength of the emission increases for increasing Al-fraction 
in the Al
x
Ga 1_ xAs layers; for GaAs the emission is not observed. 
From this, the following conclusions can be drawn. Firstly, we propose that 
the 0.8 eV emission is not related to the DX center since its intensity is suppressed 
for increasing Si donor concentration. To our knowledge, unanimity exists in the 
literature concerning the fact that DX centers originate from donor impurities. 
In fact, the DX defect concentrations have been found to be nearly proportional 
to the shallow donor concentration (see for instance the review article by Lang 
[5]). In light of this it seems highly improbable that an emission which is strongly 
anti-correlated to the shallow donor concentrations should be caused by the DX 
center. Moreover, it has additionally been found by deep level PL experiments on 
undoped Al
x
Gai-
x
As grown in our laboratory that the 0.8 eV emission is always 
present whenever the Al-fraction χ is non-vanishing. From the above we conclude 
that the 0.8 eV radiation is caused by a defect center of which the concentration 
is suppressed by Si dopant atoms. 
The present experimental results are contradictory to those of ref. [8], in 
which the SÌH4 input mole fraction had been varied between 0 and 3.7 χ 10~β, 
which is comparable to the range used in the present study. The authors have 
reported a strong increase of the 0.8 eV emission for increasing SÌH4 concentration. 
Private communications, however, have made clear that only a small number of 
samples had been investigated, and that the proposed relationship could not be 
held true for the complete batch. New results and interpretations of Optically 
Detected Magnetic Resonance (ODMR) studies on their samples can be found in 
a forthcoming publication [35]. 
The observed constancy of the peak energy and the FWHM of the 0.8 eV 
emission as a function of the band-gap suggests that the transition does not involve 
the conduction or valence band, nor shallow donors and acceptors coupled to these 
bands. Strictly speaking, such transitions might be compatible with a constant 
PL energy, but in that case the changes of the band-gap upon variation of χ should 
be exactly canceled by a change in binding energy of the defect center (in case of 
a band «-• defect transition) or the combined changes of the binding energy of the 
defect and the shallow impurities involved (in case of a shallow impurity +-• defect 
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transition). Since this is highly improbable, we conclude that the 0.8 eV emission 
is caused by an internal transition of an unknown defect center. Such an internal 
transition was also proposed by Alaya et al. [il], but contrary to our opinion these 
authors have attributed it to the DX center. 
Internal transitions between the ground state and an excited state of isolated 
defects axe a common phenomenon in large band-gap semiconductors. The corre-
sponding (vibronic) luminescence spectra consist of a relatively sharp zero phonon 
line (ZPL) combined with a phonon side-band structure at lower energy. The num-
ber of phonons active in the multi-phonon process and the relative strength of the 
phonon side-band compared to the ZPL is expressed by the Huang-Rhys factor 
S. Large values of S correspond to a strong electron-phonon coupling and a large 
lattice relaxation of the excited state (for a description of vibronic spectra, see for 
instance ref. [36]). Typical examples are the H3 and N3 center in diamond, caused 
by vacancies paired with respectively 2 and 3 nitrogen impurity atoms [36], and 
the Crca-X center in semi-insulating Cr-doped GaAs [17]. 
From the shape of the 0.8 eV spectra of the present study, however, it follows 
that the defect involved does not behave like a vibronic center. A sharp ZPL is 
lacking, and no phonon side-band structure can be discerned. On the contrary, 
the shape of the PL-peak is always highly symmetrical. This indicates that no 
strong electron-phonon interaction occurs in the transition. 
On base of the present experimental results no definite identification of the 
defect can be given. Except for the already discussed assignments to the DX 
center, the only other identification which could be retraced by the present authors 
is given by Kennedy et al. [10]. They have used ODMR techniques for deep level 
photoluminescence on MBE-grown AlxGai-xAs. Although the emission band 
used for the detection of the magnetic resonance has a peak energy of « 0.95 eV, 
most probably it is identical to the one of the present study, since an artificial shift 
toward high energy has occurred due to the use of a Ge detector. The ODMR 
results suggest that gallium interstitials Gai, created out of originally formed Ali 
which have exchanged sites with the Ga atoms, are present at the center of the 
defect complex. No identification with the DX-center, or with other donor-related 
complexes was made. Although their explanation on base of the crystal growth 
process may be questionable, and no complete fingerprint of the defect has been 
given, their assignment to Gaj is not contradictory to the experimental results of 
the present study. 
It has been demonstrated by an extensive study on high purity MOCVD-
grown AlxGai-xAs [37] that unintentional oxygen incorporation plays an essen-
tial role in the properties of the grown layers. Due to the more stable oxide 
formed by Al compared to Ga, this effect is more important in AlxGax_xAs than 
in GaAs. The assignment of the 0.8 eV level of the present study to an internal 
transition within an oxygen-related defect would be compatible with the observed 
experimental trends. Several authors have reported that oxygen is an acceptor in 
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Al
x
Gai_
x
As [37-39]. If this is the case, the observed anti-correlation of the 0.8 eV 
PL-intensity and the ЗіЩ input concentration may be explained by the compen­
sation of the oxygen acceptor by Si-donor atoms. Furthermore, the enhancement 
of the defect for high Al-fractions is also compatible with an oxygen-related char­
acter. However, since no data are available concerning the oxygen content of our 
samples, no decisive assignment can be given. 
Finally, we can summarize the properties of the defect causing the 0.8 eV 
emission investigated in the present study, (i) The emission is suppressed by Si 
doping. Therefore the defect cannot be identical to the DX center or one of its 
excited states, (ii) The photoluminescence is caused by an internal transition 
of the defect and does not involve the conduction or valence band or shallow 
impurities, (iii) The emission does not feature a phonon side-band structure 
common for vibronic systems, (iv) The defect is only present in the ternary 
Al
x
Ga1_xAs and not in the binary GaAs. (v) Its concentration increases for 
increasing x. (vi) The defect has a native, or oxygen-related character. 
Additional experiments using different characterization techniques should be 
carried out for a further identification of the defect. Magnetic resonance tech­
niques seem very promising, although they should be performed on large numbers 
of samples grown with a systematic variation of the growth conditions. 
11.5. Summary and conclusions 
Two broad photoluminescence bands in Si-doped Al
x
Ga1_xAs, centered 
around se 1.3 and 0.8 eV, have been studied as a function of the most impor­
tant growth parameters, viz. the SÌH4 input mole fraction, the Xg and the /ІП 
ratio. The emission band around « 1.3 eV was attributed to the Sica-Vea com­
plex. Two different models concerning the exact nature of the radiative transition 
were considered. Firstly, the luminescence could be attributed to a self-activated 
donor-acceptor transition within the Sid-VGa complex. The lowering of PL-
energy is due the lattice relaxation of the excited state. Secondly, the complex 
as a whoie can be considered to act as an acceptor. In that case, the transition 
is a conventional free-to-bound or donor-acceptor transition, with the 8іса- а
а 
complex acting as acceptor. The low energy is now due to a large central cell 
correction. The corresponding "ionization energies" for both cases were found to-
increase linearly with the solid Al-fraction x. 
At somewhat lower energy (hi/ « 1.05 eV, for χ = 0.40) another broad 
emission was observed for the highest silane input concentration ([SÌH4] = 12 X 
10~e). This transition was tentatively attributed to the SiGa-SiAe complex. 
The intensity of the luminescence band centered around 0.8 eV was found 
to be anti-correlated with the input SÌH4 concentration. Furthermore the peak 
energy and the FWHM are highly independent of all of the growth parameters. 
They were determined to be 0.8136 ±0.0015 eV and 141.7 ±0.8 meV, respectively. 
164 Chapter 11 
Contrary to the current opinion that the emission should be attributed to the DX 
center, we propose that it is caused by an internal transition within a native or 
oxygen-related defect center. Comparison with ODMR studies might indicate 
that interstitial Ga-atoms are involved. 
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Samenvatting 
In 1985 werd in Nederland een gezamenlijk zonnecel onderzoeksproject 
geïnitieerd waarbij research groepen van de Katholieke Universiteit Nijmegen 
(KUN), de Rijksuniversiteit Utrecht (RUU) en de Technische Universiteit Delft 
(TUD) waren betrokken. Het uiteindelijke doel van dit project is de fabricage van 
hoog-rendements multi-junctie zonnecellen. Teneinde dit doel te bereiken werden 
binnen het project twee parallelle researchrichtingen gevolgd. De eerste van deze 
is de fabricage van monolithische multi-junctie zonnecellen uit eenkristallijne Ш-
halfgeleidermaterialen waarbij de fabricage van een AlGaAs/GaAs dubbel-junctie 
zonnecel als eerste doel werd gesteld. De onderzoeksgroep in Nijmegen, onder 
leiding van Prof. Giling, is verantwoordelijk voor dit werk. Voor de fabricage 
van zonnecellen wordt in de tweede researchrichting gebruik gemaakt van amorf 
silicium. Dit onderzoek wordt verricht door de groepen van Prof. van der Weg in 
Utrecht en Prof. Kleefstra in Delft. 
Het gezamenlijke onderzoeksproject geniet tevens de ondersteuning van twee 
groepen in Delft en Utrecht voor karakterisatie. Deze groepen zijn gespecialiseerd 
in respectievelijk transmissie electron microscopie (TEM) en ionen-versnellings­
technieken. 
De activiteiten in het eenkristallijne zonnecelonderzoek in Nijmegen zijn 
verder ingebed in een brede internationale samenwerking binnen het kader van 
de Europese Gemeenschap (EG), waarbij 14 onderzoeksgroepen betrokken zijn. 
Dit EURO-GaAs P-V Consortium, bestaat naast de groep uit Nijmegen van Prof. 
Giling uit een groep uit België (ШЕС), drie groepen uit Frankrijk (LPSES, INS А 
en E SIM), drie groepen uit West-Duitsland (Battelle Institut e.V., Fraunhofer 
Gesellschaft ISE en Universität Stuttgart EPE), vier groepen uit Italië (ENEA, 
CISE, FIAR en Università di Cagliari), en twee groepen uit Spanje (ETSIT 
Madrid en Barcelona). 
Voor het onderzoek in Nijmegen werden de volgende korte termijn doelen 
gesteld: 
1. realisatie van goede GaAs zonnecellen; 
2. de fabricage van AlGaAs zonnecellen en 
3. de combinatie van deze beide Ш- zonnecellen in een "double-junction" zon­
necel. 
De keuze voor de combinatie van AlGaAs/GaAs in dit onderzoek werd ingegeven 
door het feit dat de beschikbare MOCVD (metal organic chemical vapour deposi­
tion) reactor was voorzien van aluminium en gallium gassystemen terwijl tevens 
de expertise voor het gebruik van dit groeisysteem reeds aanwezig was. 
Op het moment dat ik, in 1985, als "groeier" - dat wil zeggen iemand die alle 
eenkristallijne materialen voor zonnecellen zou moeten groeien - werd toegevoegd 
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aan het zonnecelonderzoek in Nijmegen, had men reeds een goede kennis van 
de epitaxiale groei van GaAs. Kennis omtrent de doteringskarakteristieken van 
GaAs moest echter nog worden opgebouwd. Derhalve startte ik, na enkele maan­
den van training met de MO GVD apparatuur, direct met GaAs doter ingsstudies. 
Ondertussen werden in de MOCVD apparatuur enkele noodzakelijke aanpassingen 
aangebracht, welke de toekomstige groei van AlGaAs lagen zouden vergemakkelij­
ken. Vervolgens werden voor AlGaAs zowel groei- als doteringsstudies verricht. 
Op dit moment kan routinematig een efficiency van 18% verkregen worden 
voor GaAs zonnecellen. De hoogte van de efficiency zoals tot dusverre bereikt 
voor Alo.25Gao.75As zonnecelllen bedraagt 12.4% . De beoogde AlGaAs/GaAs 
dubbel-junctie zonnecel is tot op heden nog niet gerealiseerd. 
Dit proefschrift bestaat uit drie delen. Het eerste deel (hoofdstukken 2, 3 
en 4) handelt uitsluitend over zonnecellen. In hoofdstuk 2 wordt een overzicht 
gegeven van diverse constructies voor multi-junctie zonnecellen en de resultaten 
van dergelijke constructies zoals meest recentelijk vermeld. De invloed welke de 
opbouw van een zonnecel en defecten kunnen hebben op het functioneren van zon­
necellen, wordt in meer algemene zin besproken in hoofdstuk 3 en wordt verder in 
hoofdstuk 4 in detail behandeld voor het zogenaamde "oval" defect, een veelvuldig 
optredend groeidefect. Voor bestudering van de invloed van "oval" defects is ge­
bruik gemaakt van de locale OBIC (optical beam induced current) respons van 
zonnecellen. 
Het tweede deel van dit proefschrift (hoofdstuk 5) behandelt de inbouwsnel-
heid van aluminium in AlGaAs. Voor de bepaling van de aluminium concentratie 
in de gegroeide AlGaAs lagen is gebruik gemaakt van verschillende technieken. 
Het resultaat van deze studie verduidelijkt de verschillen in de resultaten omtrent 
deze aluminium inbouwsnelheid zoals vermeld in de literatuur. 
Het merendeel van mijn werk binnen het zonnecelproject te Nijmegen is 
besteed aan doteringsstudies. De resultaten hiervan worden behandeld in het 
derde deel van dit proefschrift (hoofdstukken 6 tot en met 13). Van diverse 
doteringselementen worden in deze hoofdstukken zowel theoretische beschouwin­
gen als experimentele resultaten gepresenteerd betreffende hun inbouw in GaAs 
en AlGaAs. 
In hoofdstuk 6 worden de resultaten gepresenteerd van evenwichtsberekening-
en aan ПІ- halfgeleidermaterialen. Met behulp van deze berekeningen kun­
nen voor de doteringselementen criteria worden opgesteld betreffende de bruik­
baarheid en de risico's welke verbonden zijn met het gebruik hiervan. 
In hoofdstuk 7 tot en met 9 worden verschillende aspecten van de silicium 
dotering van GaAs bestudeerd. De algemene electrische eigenschappen van Si-
gedoteerd GaAs worden vermeld in hoofdstuk 7. Bij gebruik van hoge input-
concentraties van silicium uitgangsmaterialen in de gasfase werd de vorming van 
Si-precipitaten geconstateerd. Dit experimentele resultaat is in volledige overeen­
stemming met de theoretische resultaten van evenwichtsberekeningen. 
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In hoofdstuk 8 worden de overeenkomsten en verschillen in silicium doter-
ing middels silaan en disilaan met elkaar vergeleken. De doteringskarakteristiek 
bleek voor de gebruikte experimentele condities onafhankelijk te zijn van het Si-
uitgangsmateriaal. 
In hoofdstuk 9 wordt een noviteit met betrekking tot de Si-dotering van 
GaAs behandeld, namelijk de invloed van de substraat-oriëntatie. Naast een sub-
stantiële bijdrage aan het doteringsonderzoek mag van dit type onderzoek tevens 
een verbetering van kennis en inzichten omtrent het inbouwproces aan atomaire 
stappen op kristaloppervlakken in het algemeen verwacht worden. Het anisotrope 
doteringsgedrag dat hierbij werd geconstateerd zou tevens benut kunnen worden 
voor de realisatie van nieuwe halfgeleider-devices. 
De resultaten van Fotoluminescentie (PL) studies aan Si gedoteerd AlGaAs 
worden gepresenteerd in hoofdstukken 10 en 11. De Si-gedoteerde AlGaAs la-
gen welke gegroeid werden op (110) georiënteerde GaAs substraten vertoonden 
abnormale electrische eigenschappen. Ter verklaring van deze abnormale eigen-
schappen wordt in hoofdstuk 10 een "pair-symbol" model voorgesteld. Dit model 
van gepaarde roosterfouten bleek uitermate geschikt te zijn voor verklaring van 
de experimentele resultaten. De verwachting is dat dit model in de toekomst 
meer algemeen gebruikt zal worden voor de identificatie van FL-overgangen van 
gepaarde puntdefecten. De "deep-level" PL spectra van Si-gedoteerd AlGaAs 
worden besproken in hoofdstuk 11, waarbij speciale aandacht wordt geschonken 
aan de zogenaamde DX-centra. Eierbij wordt aangetoond dat de 0.8 eV PL over-
gang niet verklaard kan worden middels het donormodel voor DX-centra, zoals 
voorgesteld door Henning. 
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Stellingen 
behorende bij het proefschrift: 
MOCVD Grown GaAs and AlGaAs Solar Cells: A Detailed Material Study 
1. There are only two energy sources with the potential to be exploited in the 
foreseeable future; i.e., nuclear fusion and solar energy. 
this thesis, chapter 1. 
2. Some oval defects are surrounded by a region in which the O BIC (optical-
beam induced current) signal is higher than at the defect-free surface, indi­
cating locally improved performance of the solar cell. 
this thesis, chapter 4. 
3. The choice of a good dopant depends, amongst others, on the following fac­
tors: the possible range of doping, the value of the distribution coefficient, 
the presence of memory effects, the diffusion coefficients in the solid, the ease 
of handling, the uniformity, and the compensation ratio. At present, no sin­
gle dopant is able to fulfil all the requirements for the doping of GaAs and 
AlGaAs. 
this thesis, chapters 6,7. 
4. By varying the experimental conditions, we expect that with silicon as am­
photeric dopant p-type GaAs can be achieved making lateral p-η junctions 
possible. 
this thesis, chapter 9, D.L. Miller, Appi. Phys. Lett. 47 (1985) 1309. 
5. The assignment of a deep-level photoluminescence peak to a specific transi­
tion is most often a question of intuition. 
6. The term MOCVD (metalorganic chemical vapour deposition), which em­
phasizes the chemical background, is now slowly but surely being replaced 
by the term MO VP E (metalorganic vapour phase epitaxy), a term which is 
certainly preferred by many physicists working in this field. I would, how­
ever, like to suggest yet another term - MOVPD (metalorganic vapour phase 
deposition), which on the one hand will not offend the non-chemists and on 
the other hand will indicate a much broader field for this process than "just" 
epitaxy. 
7. It is difficult to choose the right words in references. Instead of just "xxx 
Vol. xxx (xxxx) p.xxx", so талу different terms can be used. "Private 
communications" and "unpublished results" may never be retrievable; "to 
be published" most often means "will not be published" (for one reason or 
the other); "submitted" implies a great chance of rejection; "accepted" may 
mean that the paper must still go through the author-editor-referee-author 
cycle for some time; "in press" ends the story. The last term has a rather 
high reliability, but still be patient, please! 
8. It is hard to tell the difference between a dream and reality. 
9. "It is most difficult to paint objects like dogs and horses, while to paint ghosts 
is the easiest job." 
Han Fei-ві ( « 3 0 0 B.C.) 
"It also is difficult to paint ghosts. Being alike in 'spirit' is a real challenge." 
Ouyang xiu (wlOOO A.C.) 
10. A coffee-break might refresh one's brain. But it may sometimes go on so long 
that the work becomes a break from coffee. 
11. There is at least one nice feeling when looking at the sky; i.e., all the tiny 
phenomena that can be observed are in fact taking place (or took place) 
on a gigantic scale. On Earth, on the contrary, tiny disturbances are often 
gigantically exaggerated and spread as great events. 
12. Fortime-telling by palmistry is something which was fun for me from a young 
age. Not until one day, when I read that the structure of hand may vary to 
a large extent during one's life, did I realize then that fortune-telling can be 
a true scholarship. 
13. In many ways, cooking a master dish can beat ал "old master" in painting. 
Here too, creative thinking, a good selection of materials, a fine technique, 
a unique form, and an attractive combination of colours are required. More­
over, a master dish needs to have a lovely smell, a pleasant sensation in the 
mouth and, above all, an unforgettable taste and aftertaste. The best paint­
ings survive the longest; but unfortunately, the reverse is true for the best 
dishes. 
14. Competitive sports, needless to say, are never good if one wants to maintain 
a perfect body. They are actually intended to improve mental strength. 
X. Tang, 5 december 1990. 


